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The start of LEP2 at energies above the threshold for W pair production has made it
possible for the rst time ever to study the fundamental non-Abelian gauge structure of





In the general case the triple gauge-boson sector can be parametrised in an eective
operator expansion and a set of 14 triple gauge-boson couplings are introduced to describe
the strength of the dierent operator in the expansion. In this report we have investigated
the precision to be expected on the triple gauge-boson couplings at 161 GeV using a gen-
eralised maximum likelihood method, which in addition to the usual maximum likelihood
method includes information on the total number of events in the data sample.
Using data taken by the ALEPH detector during the run in June to August, 1996, 6




events were found | in agreement with the stan-
dard model. Fitting the theoretical dierential cross section for W pair production using a
generalised maximum likelihood method, to the measured kinematical distributions, yields
95% condence limits on the three triple gauge-boson couplings which are least bound by
LEP1 data. The limits are in agreement with the standard model and comparable to the
present limits from hadron colliders.
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Chapter 1
Introduction
Since the early dawn the human race has sought for the understanding of the fundamental
principles that control nature. Elementary particle physics is the study of the fundamental
constituents of matter, the elementary particles, and the forces that acts between them.
The goal of particle physics is to discover the unifying principles and physical laws result-
ing in a rational and predictive picture of the elementary particles and basic forces that
constitute our universe. At the same time, as we begin the journey inside matter towards
smaller and smaller distances, it becomes more and more evident that studies of phenom-
ena at the extremely small scales in modern particle physics is very intimately connected
to the observations at nearly innite scales in present day astronomy and cosmology.
In the last two decades, important progress has been made in understanding three
of the four fundamental forces in nature, the electromagnetic, weak and strong forces.
So far all attempts to encompass the fourth interaction, gravity, have been unsuccessful.
The vital observation making this understanding possible came from the study of the
mathematical symmetries. Presently it is believed that such a symmetry, known as gauge
symmetry is the most fundamental symmetry in nature. Adding to this the requirement
that the physical laws are the same, say, in Europe and Asia | a natural assumption |
we have the principle of local gauge invariance which forms the basis of all modern day
theories.
The studies of mathematical symmetries made ways for a deeper understanding of the
forces in particles physics and initiated new eorts to unify them. The electromagnetic
(QED) and weak forces were combined in a consistent theory originally suggested by
Glashow in 1961 [22] today known as the electroweak theory. This theory was casted
into its nal formulation by Salam, Weinberg and t'Hooft [13] around 1970
1
. The theory
is based on a underlying local gauge symmetry and a neutral particle, the Higgs boson,







gauge bosons. At the same time the idea of quarks appeared, at rst as
a statistical description of the huge amount of \elementary" particles. But later, with
the introduction of colour charge, a new gauge theory evolved describing the strong or
colour force between quarks - Quantum Chromodynamics (QCD). The combination of
the electroweak theory and Quantum Chromodynamics is known as the Standard Model.
Predictions of the standard model have been dramatically veried by many experiments
around the world, starting with the discovery of the predicted neutral current interactions
in the Gargamelle bubble chamber at CERN in 1973. Shortly thereafter, the standard
1
In 1971 t'Hooft showed the renormalisability of the Higgs sector.
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model was further supported by the discovery of the charm quark. The culmination came




particles by the UA1 and UA2 collaborations
[62] in 1983. In the recent years, with the start of LEP and SLC the standard model has
entered the era of extensive high precision tests.
Despite the tremendous success so far, the standard model has many conceptual dis-
advantages, indicating that the theory is inadequate as a fundamental theory of nature.
Also, from a philosophical point of view, the standard model has too many arbitrary as-
sumptions and parameters to be determined experimentally. It is therefore imperative to
explore possible extensions into which the model can be embedded in a natural way as
a \low" energy eective theory. Several such extensions have been proposed in so-called
Grand Unied Theories (GUTs), and some of these predict new physics already at energies
well below 1 TeV. Energies of this size are not yet reachable but future accelerators, in
particular the LHC experiments to start in 2007, will be able to conrm this directly. It
is, however, possible to see the presence of new particles in studies of higher order quan-
tum corrections at lower energy scales. The high level of precision achieved by the LEP
collider at CERN have provided the ideal opportunity for a broad variety of such detailed
studies in particle physics. Presently no experimental evidence exists for physics beyond
the standard model.
1.1 LEP Physics Goals
The Large Electron Positron collider, LEP, located at CERN, is a remarkable machine, the
largest scientic instrument ever built. It has been designed to be a powerful and precise
scientic instrument for high energy particle physics. In order to maximise the physics
potential at a low cost the construction of LEP is done in several phases of consecutive
upgrades of the energy to a maximum energy just below 200 GeV.
1.1.1 LEP1 Achievements
The start of the rst phase of the LEP collider in 1989 marked the beginning of a entirely
new era in high precision measurements far beyond the initial expectations. This was
possible due to a combination of high statistics, rened methods in data analysis and
outstanding engineering eorts allowing to monitor and control the machinery at the level
of perturbations from the Lunar phase and even nearby passing trains.
Operating at energies around the Z
0





annihilations in a new energy region under excellent experimental conditions. The




annihilation is that the basic interactions are well described
theoretically, the quantum numbers and centre of mass energies are precisely known, and
there are no remnant particles from the initial state to complicate the analysis.
Electroweak Parameters
The detailed investigations by the four LEP experiments, ALEPH, DELPHI, L3 and




annihilation samples have allowed the detection of small,
calculable deviations from the lowest order predictions for many physical quantities, thus
providing tests of the electroweak theory at the level of quantum corrections.
The Z
0
decays are classied in two groups when the fundamental parameters of the
standard model are measured: Hadronic and leptonic decays; distinguishing between Z
0
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going to lepton pairs and Z
0
decaying into a quark pair. From data measured by the
ALEPH detector in 1989-1995 at LEP the following quantities, predicted by the standard
model, have been determined [14]:
M
Z




= 2494:8  4:7 MeV
 
l




= 41:578  0:083 nb
 
had.
= 1744:7  4:0 MeV
 
inv.
= 498:2  3:1 MeV
From these, various fundamental parameters of the standard model can be extracted.
The most interesting and puzzling parameter in the standard model is the number of
generations, which can be determined by counting the number of light neutrinos, N

. The
number of neutrinos determines the possible particle-pair that the Z
0
may decay into.
Additional neutrinos would decrease the lifetime of the Z
0




of the resonant form of the total Z
0
cross section. The number of neutrinos has
been found to be [14]
N

= 2:977  0:018:
Another parameter of great importance to the electroweak theory is the weak mixing angle
between the quark doublets, known as the Weinberg-angle 
W
. It can be found in several








) = 0:2319  0:0005:
Similar, the vector and axial couplings can be determined from the forward-backward
















) =  0:50122  0:00057:




Originally LEP was intended for detailed studies of the electroweak standard model, but




collider has proven itself very successful in
the many studies of QCD.
Hadronic Z
0
decays distinguish them-selves by the characteristic grouping of the decay-
products into \jets". At LEP, the higher energy of the jets in the hadronic Z
0
decays
results in a better collimation of the jets and therefore a better jets axis determination
and separation between the jets. This improves many QCD studies and permits a wide
range of important precision tests of the strong interactions.
The studies at the peak of the Z
0
resonance have proven to be extremely rewarding
since the higher energy scale, far beyond the non-perturbative regime, allows a much
cleaner study of multi-jet events. Furthermore, the analysis of hadronic nal states at





experiments and for a more accurate check of the predicted scaling laws
and universality of the fragmentation models.
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1.1.2 LEP1.5 Results
The summer 1995 marked the end of the very successful LEP1 phase when LEP, as a step




production, was upgraded to an intermediate energy
stage referred to as LEP1.5 with energies slightly above 130 GeV.
In many aspects this period has served as a training for the accelerator physicists al-
lowing them to investigate the behaviour of the machinery at higher energies and dierent
congurations as a preparation for the LEP2 phase. Given the very short period for this
stage it is impossible to do any sort of high precision measurements taking into account
the very low statistics obtained in this period. Nevertheless there are important and inter-
esting studies which has been done with the data from this period. In particular the new
energy gave birth to broad variety of searches for undiscovered particles/phenomena. Fur-
thermore the studies at energies above the very dominating Z
0
-peak has made it possible
to investigate the Z
0








1.1.3 LEP2 Physics Goals
The extremely accurate measurements of LEP1 have yielded a very detailed understanding
of the fermionic interactions of the standard model and the parameters of the Z
0
boson.
In fact, the high precision at LEP1 has provided the rst evidence for gauge-boson con-
tributions via loops constituting a indirect evidence for bosonic self-interactions in the
standard model.
The intension of the LEP2 phase is to study the bosonic sector of the standard model
via W pair production. The measurements from these studies will provide us with two
very important pieces of information about the standard model.




collider is the determination of the W
mass, which until now has only been direct measured at hadron colliders. The current
world average value from direct measurements for the W mass is[35]
M
W
= 80:26  0:16 GeV; (1.1)
obtained by combining measurements at the CERN and Tevatron pp colliders. For com-
parison, indirect estimates of the W mass can be found from a global t of the standard








The central value has been obtained assuming a Higgs mass of M
H
= 300 GeV and the




is changed between 60 GeV and 1000





The expected accuracy in the W mass determination at LEP2 is around 50 MeV
for each of the four LEP experiments comparable to the error from the global t and
signicantly better than the results from the hadron colliders. Such a precise value of M
W
would, when combined with the top-quark mass measurements from the Tevatron, provide



















possibly contradicting the value of M
W
preferred in the global t, indicating the breakdown
of the standard model. At born level r = 0 in equation 1.2, but taking into account
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production as function of the collider energy
p
s
for dierent values of M
W
[55]. Finite W width eects, ISR and rst order QED Coulomb
corrections have been included.




. Thus, high precision measurements of
M
W
will improve the constrains on the allowed region for the Higgs boson mass in the
standard model { the last fundamental particle predicted by the standard model { yet
to be discovered. This information will provide an ideal starting point for the full range
Higgs search at LHC.
Several methods to measure the W boson mass have recently been investigated in great
detail [33]. Presently, two dierent strategies have been adopted for measuring the Wmass.
At rst sight the most favourable one is the method of direct reconstruction, where the
W mass is found on an event-by-event basis by using the full kinematical information
from the W decay products. Full reconstruction of the kinematical structure of a W event
is of vital importance for the studies described in this report and the method of direct
reconstruction will be described in detail later.








. Eects such as nite
width of the W and initial state radiation will smear the abrupt rise seen in the lowest order
calculations, but nevertheless the very dominant dependence on the W mass is preserved.
Hence, for energies close to threshold, the cross section is very sensitive to the value of
M
W




production is depicted for dierent values




cross section close at threshold will
thus provide a direct measurement of M
W
.
The feasibility of this method depends crucially on the choice of collider energy. From
a purely mathematical point of view the optimal choice of centre of mass energy is at the







j attains its maximum. However, the cross
section is very low in the threshold region and the statistical uncertainty in the cross section
measurement is therefore expected to dominate the error in the W mass determination.
The best choice of operating energy for data-taking should therefore balance the aim for
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cross section plotted as function of
the centre of mass energy[55]. The arrow indicates the position of the nominal threshold.
the maximum derivative with the desire for a high cross section. For the ideal situation
with perfect reconstruction, full eciency and no background contamination or systematic


























































is shown in gure 1.2 as





+ 0:5GeV ' 161GeV;
using the current world average value of M
W
. In the rst running period of the LEP2
phase from June to August 1996 the collider energy was chosen to maximise the potential
for the W mass measurements, i.e.
p
s = 161 GeV. The total integrated luminosity for
the four LEP experiments in this period was about 40 pb
 1
resulting in a statistical error
on the W mass around 141 MeV in the ideal case [63].
Another important piece of information that W pair production will provide is the
precise structure of the predicted interactions of W, Z
0
, and  bosons with each other
within the standard model. These interactions are the most characteristic and fundamental
signatures of a non-Abelian gauge symmetry. The predicted interactions are described by










, and accurate measurements of these
is essential for a test of the standard model. This thesis is devoted to the study of the non-
Abelian structure of electro-weak standard model which is manifest through the existence
of the gauge-boson self-coupling. Boson pair production at LEP2 is very sensitive to these
couplings with increasing sensitivity as energy rises.
Parallel to the studies of W pair production the new energy regime will give an ideal








The LEP2 phase will consist of several energy stages as the LEP collider is upgraded
towards it nal energy around 190 GeV. The rst running period which ended august
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1996 will be followed by a 172 GeV run in the fall 1996, and from 1997 until the end of
LEP2 an energy around 190 GeV is planned.
1.2 Triple Gauge-boson Couplings
The principle of gauge invariance have had very far-reaching consequences for every theory
that we have today. The very structure of standard model is dictated by this principle.
However, a very profound dierence between the gauge theories for the pure electromag-
netic interaction (QED) and the electro-weak interaction is that the former is Abelian
whereas the latter is not. The mathematical meaning of a group not being Abelian is
that its elements do not commute. In the electroweak model the practical consequence of
this abstraction is that the W, Z
0
and  boson elds couple to themselves whereas the
photon eld in QED does not. The electroweak standard model predicts the interactions











, the Triple Gauge-boson Vertices, or short by their initials: TGV.
Each vertex has a set of corresponding couplings assigned specifying the strength of the
vertex, commonly denoted Triple Gauge-boson Couplings (TGC). In addition there are
quadruple gauge-boson vertices, but these we do not address in the present analysis.
Assuming the most general coupling between three gauge-bosons consistent with Lorentz
invariance and U(1)
EM










vertices can be com-
prehensively described by 14 independent couplings (or form factors), 7 for each vertex,
which { in the sense of a Taylor expansion { form a complete set. Any theory incor-
porating new physics beyond the standard model, while at the same time including the
electroweak theory as a eective low-energy limit, may introduce small deviations in some
of the general TGCs from their standard model values. In this way precise measurements
of the TGCs will not only establish stringent test on the standard model, but also probe
for new physics (NP) in the bosonic sector beyond the standard model. Virtual contribu-
tions within the Standard model also give non-standard couplings of O(0:001) compatible
to the eects from, for instance, SUSY theories.
All evidence for the existence of TGVs and measurements of the TGCs have, until
now, been indirect or is based on fairly weak estimates from high energy pp colliders.
The latest, best ocial direct results from pp colliders is given by the CDF and D0
experiments at the Tevatron collider. By studying high transverse momentum production






















W production will improve the situation signicantly and with the expected
integrated luminosity around 1 fb
 1
the bounds will be of O(0:1).










couplings can be derived from their vir-
tual contributions via one-loops eects at low energies combined with the bulk of precision
measurements at the Z
0
resonance. The estimation of TGC bounds in this manner requires
additional assumptions as to the contributions from other theories for new physics and
the limits vary from O(0:1) to O(1), depending on the underlying hypotheses. Stronger
bounds can be obtained by invoking a sort of naturalness argument stating that operators
introducing TGCs which are dicult to bound via their virtual contributions should have
similar size to operators with large impact on LEP1 predictions. Such ideas result in lim-
its of O(0:01) implying that observation of non-standard TGCs should not be expected
at LEP2. There are several caveats attached to this type of arguments, primarily their
strong dependence on underlying assumptions. Consensus is, that indirect limits cannot
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substitute direct measurements from W pair production as direct results are unambiguous
in their interpretation and do not initially rely on theoretical hypotheses. In addition they
are sensitive to all directions in the space of couplings unlike the indirect methods which
have \blind directions".
As to the actual method for determination of the TGCs at LEP2, three dierent sta-
tistical methods has been proposed { the density matrix method, the maximum likelihood
method and the technique of optimal observables. The density matrix method is the
traditional technique for studying decay distributions in a completely model independent
way, whereas the maximum likelihood approach is dependent on the actual theoretical
input but is preferable in case of low statistics. The idea of optimal observables is to
project out the information contained in the ve-fold angular distributions to a set of
one-dimensional distributions. Common to all three techniques is the use of angular dis-









helicity states receive contributions from dierent sets of couplings. It
is highly advantageous to include as much angular information for each event as possible,
and consequently a full reconstruction of the W's and their subsequent decay is vital, in
contrast to the threshold method for the W mass. Recently the advantages and deciencies
of the dierent approaches has been studied in great detail [34].
In the present analysis the idea is to determine the TGCs and thereby the underlying










vertices directly. The method used does not re-
strict the information through the choice of special angular variables. Instead this analysis


















cross section to extract
the information about the gauge group of the electroweak interactions from events found
at ALEPH.
This is possible because a second order dierential cross section for the production
of a W-pair subsequently decaying into four nal state fermions can be written as a
quadratic combination of TGCs and some coecients describing the full kinematics. The




event, and via a subsequent
maximum likelihood-t of the theoretical ve-fold dierential cross section, the TGCs can
be extracted without any loss of information.
The observation of W pair production serve as a direct conrmation of the non-Abelian
structure of the electroweak interactions, and a non-zero value for any of the TGCs is an
indication of new physics beyond the standard model.
1.3 Outline of Thesis
























process is studied and a Monte Carlo generator which have been
implemented for this process is presented. Chapter 4 contains the results from idealised
Monte Carlo studies of the potential of the generalised maximum likelihood method at
LEP2. A description of the experimental apparatus of LEP and the ALEPH detector
is provided in chapter 5. Chapter 6 outlines the event selection, reconstruction and the
considerations in connections with the dierent methods for that. The determination triple
gauge-boson couplings by applying a generalised maximum likelihood t is presented in
chapter 7. Chapter 8 contains a detailed discussion of the errors originating from theory,
fragmentation, experimental methods, and background. The nal results for the triple
gauge-boson couplings are presented in chapter 9.
Chapter 2
Theoretical Basis
Modern high energy physics tend to describe quantum mechanical phenomena in the
Feynman path integral formulation. There are various reasons for that, one is that the
traditional operator formalism makes the description very complex, other that the path
integration formalism handles the problems of quantising gauge-theories much more ele-
gantly and eciently. The basic dynamical quantity in the eld theoretical framework is
the Lagrangian, or action, which contains all the information, i.e. what we know or assume
is correct, about the system that is to be described. Knowledge of the Lagrangian makes
it possible to solve the theory and check the results with nature. However, the problem
is that only a few very special (trivial) cases has been solved, and the theories preferred
by nature are not among them. Therefore some calculation scheme is needed so that we
can compare the theory with experiments: Perturbation theory. In perturbation theory
the formulas are expanded in innite series based on the assumption that the interactions
involved are \weak". In order to ease the calculation a set of rules, called the Feynman
rules, describing how to build the probability amplitude for a process can be extracted
from the theory.
In this chapter a more detailed description of the electroweak standard model is pre-
sented
1
. Afterwards a theoretical description of the triple gauge-boson couplings is given









, and various aspects related to the process are described.
2.1 The Principle of Gauge Invariance
One of the most profound insights in theoretical physics is that interactions are dictated
by symmetry principles. It is well-known from analytical mechanics that invariance un-
der various transformations like translation, time displacement and rotation leads to the
conservation of momentum, energy, and angular momentum, respectively. Similar the
requirements of charge conservation | electric charge or colour charge | in high energy
physics are connected to invariance under a special class of transformations | phase or
gauge (a historical misnomer for \phase") transformations. A gauge theory is a theory






The following sections is based on reference [60], if no other references are given.
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of the particle elds, implying that the phase  is immeasurable and can be chosen ar-
bitrarily. The phase  in equation 2.1 is a constant; therefore once it is xed, the value
is specied for all space and time - we speak of a global gauge transformation. This is
obviously not the most general transformation, for it would be more satisfactory if  were
to be space-time dependent, that is,  = (x), called local gauge transformations. Surely,
invariance under local phase transformations is a much stronger demand than invariance
under global transformations. At present it is widely believed that gauge theories may
describe the structure of all the fundamental interactions in the universe, and in the fol-
lowing sections we will see that both the electroweak theory and QCD are gauge invariant
quantum eld theories.
2.1.1 Quantum Electrodynamics and U(1) Gauge Invariance
Quantum electrodynamics (QED), which is part of the electroweak theory and by itself the
parade example of a successful quantum eld theory, has served as the general template
for the various gauge eld theories that we have today. With this in mind, this section
is devoted to a brief outline of QED to illustrate how gauge invariance is introduced in
practice and the consequences.
The starting point is the non-interacting electrons and positrons described by a com-








This Lagrangian is obviously invariant under rigid gauge transformations, i.e. gauge trans-









 is clearly not invariant. If we insist on gauge invariance, one way to re-
store gauge invariance of this term is to postulate the existence of a gauge eld A

with
transformation properties such that the changes induced by the term @

 is cancelled.
This may be accomplished if we replace the usual derivative with the covariant derivative










and demand that the gauge eld A

(x) transform together with  (x)














The constant eQ is the coupling constant between the fermion and gauge elds, here
written explicit for convenience. Hence the requirement of local gauge invariance has led


























1st down (d)  1=3 0.01 GeV/c
2
e  1 0.511 MeV/c
2




0 < 0.017 MeV/c
2
2nd strange (s)  1=3 0.5 GeV/c
2
  1 0.106 GeV/c
2




0 < 0.27 GeV/c
2
3rd bottom (b)  1=3 5.0 GeV/c
2
  1 1.784 GeV/c
2




0 < 35 MeV/c
2
Table 2.1: The fundamental fermions in particle physics.
Of course the gauge eld A

is nothing but the photon eld. The way that it is introduced
here it has no dynamics of it own since there are no rst order time derivatives with respect
to the eld in the Lagrangian. However, the requirements of gauge invariance and that no








































equation 2.8 is prohibited by gauge invariance, implying that the

































known as the electromagnetic current.
2.2 The Standard Model
Our current understanding of elementary particle physics postulates that all matter is
made up of point-like, spin one-half particles known as quarks and leptons. These quarks
and leptons are grouped into three nearly identical families or generations that dier only
in their masses (see table 2.1). The rst family of particles (u, d, e, 
e
) are the building
blocks of matter which is predominate in nature. For instance, protons are made up of
three quarks (uud) and neutrons are composed of a slightly dierent combination (udd).
Experimental evidence for the second and third generation of particles emerged through
observations in cosmic rays and collider experiments.
2
The mass values listed for the u, d, s are the so-called \current" quark masses estimated from pion and
kaon masses. The values listed for c and b are the \potential model mass" extracted from charmonium
and D masses, and bottonium and B masses, respectively [43]. Alternatively the quark masses can be
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Force Boson Spin Mass (GeV) Range (m)














Strong or nuclear force gluons 1 0 10
 15
Gravity graviton 2 0 1
Table 2.2: Fundamental forces and their mediating bosons. All bosons except for the
graviton have been veried.
Interactions between these particles occur via four principal forces: Gravity, electro-
magnetism, the strong force, and the weak force. These four forces have widely dierent
strengths and spatial ranges as seen in table 2.2. All forces have a particle-like nature
that can be traced to fundamental integral spin particles called bosons. The photon is a
massless boson which mediates the electromagnetic force and couples to all particles that
possess an electrical charge. The weak force is responsible for certain types of radioactive







They interact with all fermions that carry a weak charge. The strong force binds quarks
together inside protons and neutrons, and is mediated by eight massless gluons. A complex
many-particle interaction via the strong force akin to Van der Waals forces in electromag-
netism, causes the protons and neutrons to adhere in the nucleus. The weakest force,
gravity, has no signicant role in present high energy physics interactions, nevertheless it
is the most fundamental force of them all.
2.2.1 Electroweak Interactions
The standard theory of electroweak interactions or quantum avour dynamics (QFD) is
a gauge theory based on the group SU(2)U(1) and has four gauge elds, the photon




. It is known as the Glashow-Weinberg-Salam model.
Glashow (1961) originally unied the weak and the electromagnetic interactions using
this gauge group, but without the Higgs mechanism to generate masses, these had to be
put explicit into the theory destroying the renormalisability. Later Weinberg and Salam
showed how the weak gauge bosons via the Higgs mechanism could acquire their mass by
spontaneously breaking the gauge invariance, but the theory was not fully accepted until
t'Hooft in 1971 showed the renormalisability.
The SU(2)U(1) Gauge Theory
Assuming that the electroweak interactions may be described by a local gauge invari-
ant eld theory, the specication of the gauge group and its action on the particle elds
uniquely determines the theory. But what is the gauge symmetry group for the elec-
troweak interactions? Unfortunately we do not have a simple answer to the question and
subsequently numerous theories based on dierent groups have been proposed. Today
the majority of those theories has been excluded experimentally and present we believe





no particular reasons for this choice of the group SU(2)U(1) except that it has proven
to be extremely successful in describing the data, and that it is the simplest group that
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reproduces the known features of weak and electromagnetic interactions. But how should
the gauge group act on the fermions? Clearly, since the weak interactions are chiral, i.e.
they do not treat the left- and right-handed components of the fermions equally, dierent
transformations have to be applied to the left- and right-handed components, respectively.
Consequently we decompose all fermion elds into their left- and right-handed parts and
demand that all the left-handed fermions transform as SU(2)-doublets, while the right-
handed fermions transform as singlets. In this way the weakly interacting fundamental





















































































SU(2) - singlets (T = 0)






























, j = 1; 2; 3; are the three generators of SU(2) and Y is the one generator of
U(1), also referred to as the weak isospin and weak hypercharge generators, respectively.
The gauge invariance ensures that the respective eigenvalues of the weak isospin and
weak hypercharge is conserved in electroweak interactions. These eigenvalues uniquely
determine how a given fermion interact with the gauge elds that we are forced to introduce
if gauge invariance is to be fullled. Since the electromagnetic interaction is closely related
to the conservation of charge we must identify some combination of the weak generators
with the electric charge operator Q in order to incorporate QED in the description. It








and it of cause stems from the observation that members of an isospin multiplet dier
by one unit (in units of e) in both charge and T
3
. By the use of this relation we are
able to assign the dierent weak eigenvalues - quantum numbers - to the fermions, as
listed in table 2.3. The fermions are assigned two additional quantum numbers, B, baryon
number, and L, lepton number. The conservation of these quantum numbers reect that
both quarks and leptons \cannot disappear" nor can they mix, and the actual values of
the baryon number listed in table 2.3 are related to the quark model and in turn QCD.
The crucial part of the theory, the Lagrangian, is constructed in accordance with the
electromagnetic Lagrangian, L
QED
, see equation 2.10, and we derive the electroweak La-
grangian L
QFD




invariant form. In order
to secure the gauge invariance of the free Lagrangian under SU(2)U(1) transformations
we are forced to introduce 4 gauge vector elds, three associated with SU(2), which we
14 CHAPTER 2. THEORETICAL BASIS
T T
3













































































































with i = 1; 2; 3, and one with U(1) denoted B

. With these elds the La-
grangian is made gauge invariant by replacing the @

in the fermion kinetic energy terms




































where it has been used that the doublet representation of SU(2) is given by the Pauli
spin matrices, 
i
, (divided by 2) and the U(1) generator is an appropriate unit matrix
multiplied by Y . g and g
0
are the couplings between the fermions and the SU(2), U(1)





































































tively. The two rst terms inequation 2.15 describe the kinetic energy and interaction with
the gauge elds of the left- and right-handed fermions, respectively. The two nal terms
are the kinetic energy and self-coupling of the W
i

elds and the kinetic energy of the B



































cf. equation 2.9. The term bilinear in W

generates the trilinear and quadrilinear self-
couplings of the W
i

elds that are a characteristic of non-Abelian gauge theories and the
subject for this analysis.
Clearly we would like to test how the theory reproduces the known aspects of electro-






in the Lagrangian, besides being massless by construction, do not possess the proper char-





bosons. The physical content of the theory becomes transparent by performing a linear
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transformation
3





, in term of which the gauge symmetry is




























































where the weak mixing angle 
W





















Now, rewriting the interaction fermion-gauge boson terms in the electroweak Lagrangian,









































































































) is the Pauli spin step operator.
The resulting A

gauge eld couples independently of weak isospin and does not distin-
guish between the left- and right-handed fermion. Furthermore this eld leaves the weak
quantum numbers unchanged and couples proportional with the charge of the fermions,
so provided that
e = g sin
W
; (2.21)
we may indeed identify A








elds related to the weak interactions. The Z
0

eld, like the A

eld, couples
to both left- and right-handed fermions, but due to the T
3
dependence it couples het-
erogeneous. It is responsible for the neutral current type of interactions and at the time
of discovery there were no experimental evidence of its existence, and it was a tremen-




elds only couple to left-handed fermions and connect adjacent members
of a isospin doublet (through the spin step operators) diering by one unit of charge.




The form of the transformations is determined by the Higgs mechanism since it generates masses to
this set of elds, and also because these elds possess the correct properties.
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elds can change the
avour of a quark, that is, d
0
! u and vice versa, as long as we remain inside a doublet.







, which are slightly rotated with respect to the relevant mass eigenstates, the weak
interactions may shift between all types of avours.
In the same way the bilinear term, responsible for the triple gauge-boson vertices and
the quadruple gauge-boson vertices in the standard model, can be expressed in terms of












































































































































































where the rst two lines describe the triple gauge-boson vertices and the last four are re-
lated to the quadruple gauge-boson vertices. Evidently, within the framework of the stan-






































An interesting observation emerging from equation 2.22 is that the strength of the triple
gauge-boson vertices is the same as the coupling to the fermions, whereas the quadruple
gauge-boson vertices has an second order coupling.
The standard parametrisation of the quark mass-eigenstate mixing is to introduce a
33 unitary matrix, V
CKM
, with four independent parameters, three Euler angles and a





























































where the u, c, and t quarks are unmixed by convention. The matrix V
CKM
is known
as the Cabbibo-Kobayashi-Maskawa matrix. The matrix elements V
xy
, x 2 fu; c; tg and
y 2 fd; s; bg describe the transitions probabilities between the dierent quark eigenstates
and the unitarity of the matrix ensures
4
a very strong suppression of avour-changing
neutral current transitions such as d ! s. This is known as the GIM mechanism, origi-
nally proposed by Glashow, Illiopoulos, and Maiani in 1970 [21] to explain the absence of
strangeness changing neutral currents.
Spontaneous Symmetry Breaking in the Electroweak Theory
The Lagrangian equation 2.15 is clearly not satisfactory since it describes four massless







At least to rst order.
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Figure 2.1: The Higgs potential: (a) 
2
< 0, (b) The \mexican hat", 
2
> 0.
are, as already mentioned, not gauge invariant, but the chiral structure of the gauge-
invariance also means that fermion mass terms such as






















connecting SU(2) doublets and singlets, manifestly break gauge invariance. Therefore the






, and fermions become massive, while the
A

gauge eld (the photon) remains massless.
This we may achieve by spontaneously breaking the gauge symmetry in such a way
that the gauge subgroup associated with the electromagnetic interaction remains unbroken
and thus keeping the corresponding gauge boson | the photon | massless. According
to the so-called Higgs mechanism we introduce four scalar (Higgs) elds arranged in a
complex gauge invariant isospin doublet (T =
1
2





















where the charge assignments
5
of the components reect the charge-structure of the gauge
bosons which we intend to couple to the scalars. To describe the kinematics of the Higgs
eld we add to L
QFD









)  V (); (2.26)
thereby coupling the scalar elds gauge invariant to the gauge bosons through the covariant
derivative, D

. The self-interaction term between the Higgs elds, V , we chose as the
\mexican hat" Higgs potential, see gure 2.1,









and provided that 
2
and  are positive
6









Note that the hermitian conjugated doublet 
y






 must be positive for V () to be bounded from below.
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In perturbative eld theory, all calculations are performed by expanding  around some
particular minimum, and we choose the minimum with the vacuum expectation values





















, and Y = 1, breaks both the SU(2) and U(1)
Y










remains unbroken, that is,
Qhi = 0: (2.31)
The vacuum is therefore invariant under U(1)
em
transformation, and the photon remains










Now the gauge boson masses can be calculated by substituting the zeroth order of the
expansion into the relevant terms in the Lagrangian L
H














































































































showing that the Higgs scalar elds with a non-zero vacuum expectation value have sup-






, and left the photon massless. The following relations



































Requiring that the electroweak model in lowest order predictions of, say,  decay, is con-
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This relation in combination with equation 2.36 determines the lowest order prediction of



































from which equation 1.2 is derived.
I will end this section with a few remarks about the Higgs mechanism. Despite the
very attractive features, the Higgs sector is today considered to be the least satisfactory
part of the standard model. Its purpose is to provide masses to the gauge bosons and the
fermions, and indeed, we have accomplished that by a minimal choice of a single Higgs
doublet. However, the actual masses of particles are not in any way predicted, instead
they are parameters of the model to be measured empirically. A second deciency is that
we, as a result of the spontaneous broken symmetry, have introduced a neutral massive






which is not predicted either, since, for xed v, any mass can be attained by a suitable
choice of . Naturally there exist some theoretical limits, but they are not very restrictive,
and due to the special characteristics and couplings of the Higgs boson it is a very dicult
particle to discover experimentally.
2.3 Triple Gauge-boson Couplings
Within the framework of the electroweak model there exists both triple and quadruple
gauge boson vertices as can be seen from the Lagrangian in equation 2.22. In the light
of the preceding section the triple gauge-sector is not only a remedy of the non-Abelian
gauge-group, which dictates the presence of the triple gauge-boson vertices, but also it
is also very intimately attached to the spontaneous symmetry-breaking Higgs mechanism
that determine the actual structure of the vertices. Introducing the triple gauge-boson
couplings relevant for the operators present in the standard model electroweak Lagrangian











































































. All the operators in equation 2.41 are C and P conserving









and the electric quadrupole moment q
W
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In the literature the TGCs are often referred to as anomalous couplings due to their
connection with the magnetic moment.
Imagine now a theory for new physics at a high energy scale, . At lower energies the
eects of the new physics can be adequately described by an eective operator expansion.
Such an expansion could lead to terms similar to the TGVs of the standard model repre-
senting additional TGCs or producing extra contributions to the standard model TGCs
resulting in non-standard couplings. In this way the studies of TGCs also constitute a
search for new physics beyond the standard model. The actual size of the contributions
from the new physics depends on the scale  and by naive dimensional analysis we expect








. It is therefore of par-
ticular interest to focus on lower dimensional operators. Including only dimension 4 and
6 operators, one can now extend the standard model Lagrangian, already incorporating 4
dierent TGCs, to a complete general form { with resemblance to a Taylor expansion {
to parametrise any contribution to the triple gauge-boson sector from new physics.
Requiring Lorentz invariance and U(1)
em
gauge invariance, the most general struc-










, involves 7 independent
operators for each vertex and thus a complete parametrisation includes 14 TGCs. The








( C- and P -conserving)
+L
2








































































































































= e cot 
W
.










= 1 and all other TGCs
are vanishing. The Lagrangian equation 2.43 has three TGCs which conserve C and P
individually, one TGC that violates C and P but is CP conserving and the remaining
three TGCs describes CP violation in the triple gauge-boson sector. An overview of the
couplings is given in table 2.4.
Based on very general theoretical considerations it is foreseen to be very unlikely to
observe C-, P - or CP -violation at LEP2 [37, 6, 23], primarily because any CP -violation
involves either CP -violation in electromagnetic interactions, which is very unlikely
7
, or
require explicit SU(2) violation which is theoretical highly disfavoured. In view of this
the present study concentrates on the C- and P -conserving couplings.
In the literature the TGCs are often re-dened to parameterise any deviation from
7
Data on the neutron electric dipole moment indicate a ne-tuning at level of 10
 3
if CP -violation is
to be observed in e.g. ~

at LEP2
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Table 2.4: The 14 triple gauge-boson couplings for the most general eective Lagrangian,
only assuming Lorentz-invariance. The standard model values of the couplings are given
in parenthesis.











































where, for completeness, an alternative naming convention, used recently in [6, 23, 49],
has been introduced.
In light of the very limited number of events to be expected at LEP2 the vast amount
of couplings introduced in order to fully parameterise a general triple gauge-boson sector
imply that it is impossible to determine them all by a general multidimensional t. Con-
sequently a reduction of the number of free parameters is an absolute necessity in order to
reach a reasonable accuracy. It is therefore imperative to focus only on TGCs or combi-
nations of TGCs which are least bound by present data and possibly exclude TGCs which
are theoretically disfavoured judging from our present expectations on the behaviour of
new physics. Detailed discussions on the dierent aspects of symmetries, dynamical be-
haviour and new physics leading to severals models for inducing TGCs, involving from
one parameter to the full set of TGCs, can be found in [6]. Of particular interest is the
models:






























 Exclusion of intrinsic SU(2)
L
, that is, absence of SU(2)-violating TGCs within the






















which is weaker than the rst model. Discarding the, a priori, non-renormalisable










preserving the constraint for x
Z
.
 Finally, a reduction to only one parameter is obtained by insisting that the most









are absent, corresponding to an
exclusion of strong unitarity violation in vector boson scattering at high energies. In
this case only x












while the constraint for x
Z
is the same as for the second model.
Symmetry requirements of this sort assure a more mild behaviour of vector-boson
scattering and yield less violent divergences for observables relevant at LEP1.
Continuing along this line of arguments one can explore the most general set of TGCs





Such an requirement could result in a better behaviour of vector-boson loops and scattering
amplitudes than the previous models. In the unmixed base of B and W
i
, obtained via the
























































which is a combination of dipole and quadrupole terms. As can be seen from equation 2.49
this theory requires an interaction of an SU(2)
L
scalar, the Higgs eld. For completeness
we have introduced three free parameters for the three dierent operators, which in terms










































































annihilation and the graph on the right depicts the double conversion process























with resemblance to the constraints of the three models above.
There has been a very rich discussion in the literature on the bounds that can be
deduced from the huge amount of LEP1 precision data [37, 38, 40]. In the derivation of
such limits one rely heavily on assumptions as to the models for new physics or one invoke
naturalness arguments stating that all TGCs should be of the same order. Common to
all these studies is that they have very limited results in the multi-parameter situation
and that there exist \blind directions" in the multidimensional space of TGCs where the
constraints from these analyses are very weak. The blind directions correspond exactly to






, and the purpose for this study is to set
limits on these TGCs using data at 161 GeV.




alone by assuming a new heavy vector
boson Z' with strong self-couplings by a local SU(2)
V
gauge symmetry. Such a theory
could be realised in case of compositness. The local SU(2)
V
gauge symmetry prevent large
loop contributions to LEP1 physics [20].
As a nal comment it should be remembered that while a discussion on the reduction
of the number of free TGCs serves the purpose of making the tests on the standard model
via TGCs more stringent, they cannot substitute for a general t in the event that non-
standard TGCs are observed. In that situation the multi-parameter t has to be done to
determine which \direction" the new physics prefer in the general space of couplings in
order to deduct what sort of new physics we are dealing with. This is best done in studies
of direct di-boson production.





In this section we will study the interplay of the dierent parts of the standard model in




annihilation into four fermions via W pair production. The process
forms the basis of the present analysis and gure 2.2 shows the Feynman diagrams for the
process.





into a virtual  or a Z
0
boson, or via the double conversion diagram with a t-channel
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neutrino exchange. In the second phase of the process each of the initial W's decays into
leptons (`) or quarks (qq).
In case of hadronic decay the rest of the process is described by perturbative QCD via
approximate calculations, the so-called parton shower approach (model). Subsequently,
the coloured partons fragment into colourless hadrons. Although we expect this to happen
within the framework of QCD, or rather we assert it to happen, it is not perturbative
calculable (R
had
 1=), and hence various phenomenological models have to be invoked.
In the fourth phase unstable hadrons decay into experimentally observable particles. The
underlying theories are again the standard model, but the predictions are primitive and
the main input comes from experimentally determined branching ratios.
If the W decays leptonically the lepton will propagate out in the surrounding detector
unless it is a  which will decay into a lepton and neutrinos, or neutrinos and a low
multiplicity hadronic system resembling the hadronic W decay.
Naturally, this description of an event in separate stages is far to simple since interfer-
ence eects, e.g. initial and nal state radiation interference, arise between the dierent
stages. Furthermore, radiation among the nal state particles take place. In the case
where photons are exchanged between W's it is referred to as the Coulomb eect and
if we have gluon exchange between quarks from dierent W's it is commonly denoted
colour-reconnection eects. The latter only happens when both W's decay hadronically.
2.4.1 Phenomenology of On-shell W Pair Production
In this section we study the central process in W pair production, which, to lowest takes
place via the Feynman diagrams depicted in gure 2.2.
From a general lagrangian like equation 2.43 explicit expressions for cross sections as









by dierent groups [19, 6, 23] for the full set of TGCs. Choosing the convenient notation























































































assuming massless fermions. This represents an approximation, but all relevant eects











s(1    cos ) is the energy transfer in the t-channel

















rest frames the reader is referred to gure 2.3. Note that the decay




refer to the direction of the particle, i.e. the down-
type fermion from the W
 
decay in the W
 





related to the anti-particle of W
+
decay in the W
+













































































[6]. The production angle is dened as the angle between the
incoming electron and the outgoing W
 
. The set of decay angles from each W decay is
dened in the rest-frame of the decaying W as  and  of the down type fermion (anti-down
for W
+
). In total ve angular variables is used to describe the process.
corresponds to exchanging the two decay-products, i.e. swap particle with anti-particle,











(s; cos #) has been calculated in [6, 23] and reproduced in table 2.5 for




















+ ), given in [6], describe





































In equation 2.53 the spin summation is to be taken over the electron helicities  = 
1
2





= 1, 0 | a summation over 162 terms.
In the case where only one of the W decays is observed, here assumed to be the W
 
,











































Finally, integrating over all the decay distributions of the W's leads to the production



























At this point it worthwhile to draw attention to some general properties and asymptotic
features of the cross sections equation 2.53, equation 2.58, equation 2.59 and the helicity
amplitudes as many conclusions emerge, which play a crucial role for this analysis.
First of all, the factor in the rst row in table 2.5, (2  1)=4ts
2
W




showing that the right-handed amplitudes are entirely determined by  and Z
0
exchange.




























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 2.6: Asymptotic behaviour and the contribution to the various helicity states for the
standard model and the dierent TGCs [7]. The case with transversely polarised W's and
opposite helicities is due to the t-channel neutrino exchange only present in the standard
model. The more rapid decline of the standard model contribution when compared to
those of the couplings is the reason for the increasing sensitivity to the couplings with
energy.
In contrast, for left-handed amplitudes,  =  
1
2
, it is clear from the elements in column 3
that the helicity amplitudes (+ ) and ( +) are entirely determined by neutrino exchange.









helicity states are listed along with the TGCs that contribute
to that particular helicity state. In gure 2.4 the cross section in equation 2.59 as function
of the production angle, #, is plotted for dierent combinations of helicity states along with
specic helicities for non-zero values of some of the TGCs. Clearly the dierent helicity
states has very distinct distributions. When combined with the observation that dierent
TGCs contribute to specic helicity states, it becomes very attractive to do a polarisation
analysis and separate the dierent helicity states to lower any possible cancellations among
the contributions from the TGCs. This can be accomplished by studying the decay angular
distributions of the W's. The full ve-fold dierential cross section, equation 2.53, includes
all information about the decay angles via the functions, D

0
(; ), in equation 2.56. The
various helicity amplitudes is thus weighted dierently for a given set of decay angles. For
instance, if both W's are transversely polarised the resulting decay distributions show a
distinct 1   cos 
i
form. A measurement of the full ve-fold angular distributions in W
pair production consequently allow a separation of the various helicity amplitudes.
Also shown in table 2.6 is the asymptotic behaviour with centre of mass energy for the
dierent helicity states. The top row lists the asymptotic behaviour of the standard model.
Comparing with the rows for the dierent TGCs we immediately see that the standard
model contributions falls of faster than for the couplings and this is the explanation for the
increased sensitivity to the TGCs with rising energy. Note however, that an additional
suppression factor of  is present for the =Z
0
contribution. Hence, in the threshold
region the W pair production, in the on-shell description, is entirely determined from the
neutrino exchange. Consequently the sensitivity to the couplings is expected to be reduced




A careful study of table 2.5 shows that the CP -violating TGC z
0
2
do not have a  suppression factor.
Hence, stronger limits for this TGC could be found at threshold energies [56].
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, respectively, with the notation of the lines as in a)
(for the coupling x

). The dierential cross sections are in unit pb.





Finally, the appearance of the couplings group-wise through similar terms in the he-
licity amplitudes, immediately suggests that correlations could be expected within groups















) a parabolic correlation arise because of the common LT polarisation states.
A glance at table 2.6 furthermore allows us to conclude on the asymptotic properties of
some of these correlations. For instance, one would expect from row 3 and 4 that the








), respectively, would disappear at





of longitudinal polarised W's, and this tendency is indeed observed [7]. In addition, since


























with electron helicity , are dicult to disentangle. This eect has been referred to as the
   Z conspiracy [23]. One way out is to use polarised electrons, preferable transversely
polarised [23]. A further study of the correlations between any two-parameter combination























), hence, only for combinations of {couplings and Z{couplings which




production { the rst place to expect
dierences due to the longitudinal component of the Z
0
, which is absent for the . The



















consequently these correlations are expected to decrease faster than the expected increase
in sensitivity ( s) as function of energy and this has been observed [8, 49].




event one may obtain the full angular information for
an event, however, ambiguities exist due to lack of knowledge about W charge, quark
avours, and in the case when both W's decay leptonically, unmeasured neutrinos. This
complicates the use of equation 2.53. In table 2.7 we have summarised the amount of





jjjj and ``. They are also referred to as semi-leptonic, hadronic and leptonic events,
respectively.
The discussion of TGCs in the context of on-shell W's and massless fermion, is a
justied simplication from the point of view of studying the eects of the TGCs. However,
other eects could result in the same behaviour. Consequently, a full study of the TGCs
will naturally involve additional eects from initial state radiation, nite width of the
decaying W's and inclusion of four fermion background.
2.4.2 O-shell W Pair Production and Four fermion Processes
In the preceding section we only considered the production of a W pair in the narrow width
approximation, that is, the W's was produced as stable particles. The advantages of this
simplied picture is that the results are analytical, allowing fast and mathematical precise
predictions. As we approach the threshold region of W pair production the assumption of
stable on-shell W's is no longer justied. Rather the W's should be treated as resonances
in terms of Breit-Wigners with nite width to avoid singularities. At this point the W
pair production and the later decay of the W's cannot be considered as independent and





decay Decay fraction Available angular
channel Naive QCD corrected information
ejj 14.8% 14.6%


































e 2.5% 2.3% 2 solutions
 2.5% 2.3%
 1.2% 1.1%














+ due to the inability to distinguish jets quarks and antiquarks. For completeness
the naive decay fraction from the electroweak theory as well the QCD corrected decay
fractions of the dierent nal states are also listed.
Figure 2.5: Dierential cross sections at
p
s = 161 GeV and
p
s = 190 GeV as function of
the production angle, #, for the on-shell description and in the case of nite width. The
eect of nite width is clearly dominant at energies close to threshold.
















































































Figure 2.6: Total cross section as function of the centre of mass energy, for the on-shell
description and in the case of nite width.
Figure 2.7: The two-dimensional Breit-Wigner distribution for W pair production includ-
ing the phasespace factor for a W mass of 80:25 GeV and a centre of mass of 161 GeV.






















can be found in, for instance, [55].
This way of including the nite width eects in W pair production leads to the very
important observation that to a rst and good approximation nite width eects factorises
from the TGC part of the cross section. Nevertheless nite width eects inuence the
angular distributions thereby possibly mimicking non-standard TGCs, and consequently
these eects must be accounted for in the experimental analyses. In gure 2.5 the eects
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due to nite width of the W's on d=d cos  is shown. Referring to gure 2.4 it is clear that
non-standard TGCs may give rise to a similar eect. The total cross section for o-shell






d nal state is plotted as function of the centre of mass
energy in gure 2.6. Above threshold the inclusion of nite width results in a lower cross
section compared to the on-shell situation.
The explanation for the impact on the dierential distribution from nite width comes
from kinematics. Due to nite width the mass of the W's is allowed to uctuate around
the nominal value; especially towards lower masses. Consequently the average momentum,
that is, , of the W's is increased thereby modifying the helicity amplitudes in table 2.5.
Evidently, this eect will be most dominant at energies close to threshold. In gure 2.7 the
two-dimensional Breit-Wigner distribution, including phasespace, is shown for a nominal
W mass of 80:25 GeV and
p
s = 161 GeV. From the grey-scale contour on the top the
eect of the limited phasespace clearly tends to push the average mass towards lower
values. At 161 GeV the maximum of the distribution is shifted typically 300 MeV along
the diagonal towards lower masses.
Once we have substituted on-shell W's with their decay products, as in equation 2.61,
we are inevitably forced to consider the full four fermion process. Hence, a whole variety
of dierent diagrams leading to the same nal state has to be taken into account. This
includes diagrams for Z
0
pair production as well as single W or Z
0
production or even
diagrams with no resonating bosons. In a full o-shell calculation all such diagrams must
be included along with their interference with each other to ensure gauge invariance. In
other words, given a specic four fermion nal state it has no meaning to ask whether it




- or any other diagram. In chapter 3 a detailed description of
an eventgenerator for the full four fermion process is given.
The contribution from these additional diagrams is quiet modest, although it depends
on the nal state. The largest contribution occur when the nal state contain one or more
e's or 
e
's as these include t-channel diagrams which diverges for low angles and may
give very large cross sections. Final states reachable by photo-conversion can also give
substantial corrections. Experimental cuts and limited angular coverage of the detectors
lowers the eects from the background diagrams. At LEP2 energies the corrections are
around 10% in the worst case and in general less than 5%.
In addition to nite width and four fermion contributions, W pair production is also
aected by higher order corrections. Of particular importance is the QED Coulomb cor-
rections and initial state radiation. These will be described in detail in the next chapter.
It is important to note that the concept of factorisation common for all these higher-order
corrections, although not strictly valid, provide quite accurate results. A comparison to
the on-shell case, where exact calculations has been done, shows that deviations on the
total cross section due to the approximate description of the order 1-2%.
Chapter 3
Four Fermion Production
At LEP2, W pair production will form the basis for a new set of high precision measure-
ments that tests the standard model and probe for new physics beyond that. In view of
the discussion in the previous chapter it is clear that accurate predictions for cross sections
and angular distributions are vital. The use of the simple on-shell description of W pair
production can therefore no longer be justied and it is necessary to include the eects
from background diagrams, nite width, initial state radiation and Coulomb singularity
to achieve the desired accuracy. In addition, experimental investigations depend on the
availability of Monte Carlo eventgenerators which accurately simulate the physics under
study.















ing all diagrams is presented. It is based on the Excalibur Monte Carlo program [16]
which includes the full set of diagrams with complete interference in the o-shell calcula-
tion, leading order initial state radiation and CP -conserving triple gauge-boson couplings.
Additional features, with respect to the original program, amount to
 Massive phasespace generation,
 Cabibbo-Kobayashi-Maskawa mixing,
 Correction for Coulomb singularity,
 QCD corrections to boson widths,
 Final state radiation by two independent approaches,
 Full interface to the JETSET hadronisation package,
 Full interface to TAUOLA for  decays,
 Several options for colour-reconnection in four quark nal states.
For the ideal Monte Carlo to be used in a broad spectrum of LEP2 studies these features
represent a minimum. An alternative solution is to use several individual eventgenerators,
resulting in less coherent and possibly even inconsistent descriptions.
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3.1 Introduction
For a given four fermion nal state there are in general several classes of contributing Feyn-
man diagrams. Often the dierent diagrams are denoted signal or background diagrams
depending on the physics processes involved for the individual diagrams. In addition to
background diagrams that lead to the same nal state and consequently will interfere with
the signal diagrams there is another sort of background arising from other four fermion
processes that result in the same detectable nal state. In gure 3.1 all possible classes
of four fermion diagrams are shown. The diagrams relevant for W pair production is the
Abelian conversion diagram and the non-Abelian annihilation diagram. The remaining
diagrams may also contribute via single W diagrams or, if we have identical particles in
the nal state, non W diagrams enter.
Depending on the specic nal state the number of contributing diagrams, from dif-




include additional t-channel diagrams and if we have two or more identical particles the









which has 144 diagrams.
Given the very large number of possible diagrams it is desirable to implement an
ecient algorithm for the construction of the diagrams and calculation of the matrix-
element in the Monte Carlo eventgenerator.
In Excalibur this is conceived by employing helicity amplitude techniques which is
valid under the assumption of massless fermions. In addition, this assumption means that
diagrams involving a Higgs boson which couples to fermions by construction are missing.
Also important for an eventgenerator is the optimisation of the phasespace sampling
to avoid high ineciency in the event generation. The various set of diagrams entering for
a given nal state dier in their peaking structure in the phasespace. To accomplish an
eective sampling for all sets of diagrams a multichannel Monte Carlo approach has been
adopted.
An important note regarding the eventgenerator as compared to the original Monte
Carlo program is that the inclusion of Cabibbo-Kobayashi-Maskawa mixing expands the
number of possible four fermion processes from 86 to 144.
The various ingredients that together form the eventgenerator are described in detail
below.
3.2 Matrix Elements
For a specic nal state the resulting amplitude is build as a sum of Abelian and non-
Abelian graphs. Generically any diagram contributing to a nal state can be constructed
from the two conceptual diagrams depicted in gure 3.2. The conceptual graphs in g-
ure 3.2 have only outgoing fermions, in the construction phase ingoing fermions are chosen
by ipping the corresponding fermion line. In total this gives up to 144 possible Abelian
diagrams and maximum 8 non-Abelian graphs.
The resulting matrix element are then calculated by decomposing the amplitude from
the dierent diagrams on a helicity base. As can be deduced from gure 3.2 any diagram
can at most contribute to 8 dierent helicity states by assigning  to the helicity labels ,
 and . In the case of a valid helicity conguration the numerator for an Abelian graph



































































































































Figure 3.1: Four fermion production classes of diagrams excluding Higgs graphs. The
bosons V
1;2;3





























































otherwise it is zero. The function A can be calculated using helicity amplitude techniques
[15] and for  =  =  = + it takes the form
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Figure 3.2: Generic diagrams for four fermion production excluding Higgs graphs. The
bosons V
1;2




or ; V is either Z
0
or .


























  (k $ j): (3.3)
Under the assumption of massless fermions the numerator for every helicity conguration
of an Abelian diagram can be written in terms of A with a possible permutation of the
arguments and/or a conjugation. Furthermore, the numerator for any non-Abelian dia-
gram can also be constructed as sums of dierences of A functions. In this way all helicity
amplitudes can be calculated in a very ecient way.
A complication arises for non-zero TGCs, where one must introduce additional func-
tions B, C andD to describe the structure of the terms related to the TGCs. The resulting










vertex are linear in














In the general case with massive fermions the use of spinorial techniques no longer
holds as we can have additional spin-ip diagrams. On the other hand the assumption of
massless fermions constitute a problem in the general four fermion case where we are faced
with t-channel diagrams which has singularities in the collinear limit for massless fermions.
It is therefore necessary to introduce cuts in the generation to avoid the singularities.
The introduction of CKM-mixing in the matrix-elements calculated by Excalibur is
straightforward and amounts to apply appropriate elements of the CKM-matrix to vertices
involving W's and quarks. A slightly more complicated side-eect is that the number of
possible processes is increased from 86 to 144. The actual calculation of the cross sections
for the new processes can be done via a suitable mapping of the new processes onto the
original Excalibur processes and multiplying by appropriate factors.
Finally, the full second order QCD tree level diagrams have been included in Excalibur.
The diagrams involving only quarks can easily be included by substituting photons con-
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necting quarks with gluons in the appropriate diagrams. In this way the full interference
between the electroweak diagrams and the corresponding QCD diagrams are included.
Furthermore a separate Monte Carlo [47] has been written for the QCD diagrams involv-
ing two gluons in the nal state. The construction of this Monte Carlo is identical to
Excalibur and since there is no interference between these diagrams and the four fermion
diagrams in Excalibur the diagrams with two nal gluons have been implemented in the
Excalibur eventgenerator. However, at the moment it is impossible to fully interface a
nal state with two gluons and two quarks to any hadronisation package and therefore
these processes cannot be used in the event generation but only to estimate cross sections.
3.3 Phasespace Sampling
In order to compensate for the very complicated peaking structure of the matrix element
from the various contributing diagrams the phasespace sampling is done in the multichan-
nel approach.
The main purpose of the multichannel approach is to improve the accuracy of a Monte
Carlo integration by employing the variance reducing technique known as importance sam-
pling. The idea is to generate a non-uniform distribution of Monte Carlo points resembling
the behaviour of the function to be integrated, that is, to generate more points in regions
where the integrand is large, and thereby reducing the error.
For simplicity the method is illustrated by studying the case with only one channel.
Assume a non-uniform integrand (matrix element), f(~x), where ~x denotes a phasespace




where (cuts) denote experimental cuts, by means of Monte Carlo integration











Introducing an analytically integrable function, g(~x), normalised to unity, the integral can









as function of a new set of variables, ~y, distributed according to g, d~y = g(~x)d~x. The
function g is often referred to as the local density and choosing g to have approximately
the same behaviour as f(~x), the integrand w will be a smoother function and the resulting
error on the Monte Carlo estimate of the integral will be smaller.
In general the matrix elements of interest has a very complex peaking structure, which
cannot be adequately mapped by a single analytically integrable function. The multi-
channel method solves this problem by using a weighted sum of analytically integrable
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where each individual local density, g
i







The a priori weights, denoted 
i
, are a predetermined set of probabilities which specify
the relative importance of the various peaking structures in the sampling. Although their
actual values do not inuence the result, a suitable choice close to the actual behaviour
will result in smaller errors.
In Excalibur a renement of the multichannel approach has been implemented which
includes a self-optimisation scheme of the a priori weights along the generation in a way
akin to stratied sampling. During event generation a successful self-optimisation reduce
the uctuation of the dierential cross section for the particular process. In order to avoid
increasing ineciency in the event generation the peaking values of the dierential cross
section for the specic process is corrected accordingly.
The actual implementation of the dierent local densities, has been done in a very
compact modular form, using a set of low level building blocks to construct the individual
peaking structures, making it easy to extend further when needed. Depending on the
actual matrix element the set of relevant density functions are chosen in the light of the
contributing Feynman graphs.
In the original Monte Carlo version of the program the phasespace sampling was done
for strictly massless fermions. The very modular organisation allowed a systematic mod-
ication to handle massive phasespace generation. However, as the matrix elements are
only valid for massless spinors, two sets of momenta are generated in parallel. The actual
phasespace point is generated for the full massive case and the corresponding massless
momenta are constructed from the 8 kinematic parameters appropriate to parametrise
the specic peaking structure. This means that the kinematical variables relevant for the
peaking structure we sample according to are identical for the massive and the massless
momenta. The introduction of massive fermions imply that cuts on invariant masses and
energies due to singularities are no longer necessary. On the other hand the simplied
kinematics of massless particles no longer hold and the full kinematics must be used which
can lead to occasional numerical instabilities, however the program has been protected
against that. Furthermore, the construction of some of the local densities requires a phas-
espace integration of the general 3-body decay, which cannot be done analytically. In the




Ideally, we would like to have the full O() calculation including all virtual and real
contributions for o-shell four fermion production at our disposal. Unfortunately, real life
is not so accommodating and such a calculation does not at present exist, if it ever will.
We are therefore reduced to use approximate corrections.
3.4.1 Improved Born Approximation
The dominant part of the electroweak radiative corrections (apart from photon radiation)
can be included in the description by introducing eective couplings in the Born-level
expressions. This is referred to as the \Improved Born Approximation".
Within the standard model it is sucient with three parameters to parametrise the elec-
troweak interactions. The actual choice of parameters reect the underlying electroweak
renormalisation scheme. Generically one could construct many dierent parametrisations,
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but in general two choices of parameters has been preferred. At LEP2 the most appropri-






since the prime target of LEP2 is
M
W
determination, which, for this parametrisation, is an explicit parameter of the model.
In this scheme, known as the G


















In Excalibur the default is to use the G
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Alternatively, these parameters can specied by the user to overrule the preferences.
From the point of view of event generation the actual choice of parameters do not play
a crucial role as they have no eect on any dierential distribution but only aect the total
cross section. For instance, at 161 GeV the cross section for on-shell W pair production
is increased by 15% [56] in the improved Born approximation.
3.4.2 Initial State Radiation





, also known as Initial State Radiation (ISR). ISR lowers the available
centre of mass energy of an event and consequently aects the s-dependent forward peak
in the d=d cos  distribution due to neutrino exchange. Furthermore the subsequent boost
of the centre of mass frame of the W's also smear out the W production angular distri-
bution. A full O() calculation in the general four fermion case is very tentative and
requires the consideration of a huge number of diagrams. Therefore people has turned
towards approximate descriptions which include the leading eects up to second order.
Common to these approaches, the structure function or the ux function approach, is that





























s) is the non-radiative cross-section and the function  is the energy distri-
bution of a fermion after radiation. An expression for the function  can be found in [30].
The eect of ISR on the total cross section can be deduced from gure 3.3. As expected
the eect of ISR increases with the centre of mass energy and this can be clearly seen
in gure 3.4, where the W production angular distribution is plotted for centre of mass
energies of 161 and 190 GeV, respectively.
The actual implementation of ISR is done by rst generating a centre of mass energy
according to the function  and then construct the complete event in the rest-frame
and afterwards boost into the laboratory frame to compensate for the momentum of the
emitted photons. Only ISR photons collinear with the z-axis can be generated in Excalibur
and at most one photon in either direction.
3.4.3 Final State Radiation
In principle ISR and FSR cannot be treated as independent in a complete gauge-invariant
description but in the soft or collinear limit this is an adequate approximation. From
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Figure 3.3: Total cross section as function of the centre of mass energy for increasing
complexity in the physical eects included in the calculation.
Figure 3.4: Dierential cross sections at
p
s = 161 GeV and
p
s = 190 GeV as function
of the production angle, #, for the nite width description and in the case of nite width
and ISR.
an experimental point of view high p
T
photons from ISR can be extremely dicult to
disentangle from FSR photons when close to other particles and FSR from nal state
fermions, mainly electrons and muons, can be an important eect.
In the eventgenerator described here two dierent approaches has been implemented.
One solution is to use the PHOTOS package [44] to simulate radiation from nal state
electrons and muons. The algorithm in PHOTOS in based on the O(
2
) calculation
of bremsstrahlung in the leading-log approximation. It provide the complete kinematic
information in the splitting f ! f
0
. One problem arising when generated FSR from
on-shell nal state fermions is that energy-momentum conservation in the splitting is
impossible. PHOTOS solves this problem by generating FSR for the process P ! ff
0
,
for any decaying particle, P , where a rescaling in the rest-frame of the decaying particle
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ensures energy-momentum conservation. Consequently PHOTOS can only generate FSR
of fermions from decays of unstable particles. This makes the package ideal for W pair
production but in the general four fermion case such an association of the four fermions
to two decaying bosons is not strictly valid. In the Excalibur eventgenerator the use
of PHOTOS rely on a pairing of the four fermions in two by two, which is done on a
stochastical basis from contribution to the matrix element by the two dierent orderings.
As an alternative a dierent procedure for generation of FSR has been included in
the eventgenerator. This algorithm has been developed for, and used in, the four fermion








F [18]. Iteratively, the
algorithm generates photons with an energy and angular distribution according to the low












































is the photon energy,
 N
C
is the total number of charged particles,
 Q
i



















































































In each step the kinematics of the four fermion system is modied to ensure energy-
momentum conservation and the parameter 
tot
is reduced by a factor 1=N

, the total
number of photons to be generated, to maintain an approximately correct energy ow of
the photons. This procedure is repeated four times to allow up to four photons.
Common to both implementations of FSR is that they are add-ons which aect the
kinematics of the nal fermions after event generation with no inuence on the total cross
section.
Finally, only FSR from leptons are simulated in this way, radiation o quarks is taken
care of in the hadronisation process.
3.4.4 Coulomb Correction
The Coulomb correction originates from the long-ranged electromagnetic interaction be-
tween the two charged W's in the nal state. The eects of this correction is particular
large close to threshold, where the two W's are essentially at rest, and would in fact di-
verge if it were not screened by the nite width of the W's. The inclusion of the Coulomb
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Figure 3.5: Dierential cross sections at
p
s = 161 GeV as function of the production
angle, #. The plot illustrate the eect from the Coulomb correction on the production






















































Hence, as for ISR the Coulomb correction to a good approximation factorises from the
TGC part. The eect of the Coulomb correction on the total cross section can be seen
from gure 3.3. Likewise the eect on the angular distribution for d=d cos  is depicted in
gure 3.5. It is clear that the main eect of the correction is an increase of the total cross
section. The largest eect is seen at threshold were the correction amounts to 6%. The
Coulomb correction has been implemented in Excalibur by multiplying the part of the











obtained from equation 3.15.
3.4.5 Running Width
In Excalibur the default W and Z
0






















however, such a substitution does not preserve gauge-invariance in the general case and can
induce a very violent behaviour when including singly-resonant diagrams with electrons or
positrons. An approximate solution is to convert the running width into constant width

































into the standard form for the propagator. This assures gauge-invariance when summing
all diagrams and is numerically consistent with more sound approaches [5], well below the
anticipated experimental precision.
3.4.6 QCD Corrections
In the ideal Monte Carlo generator a full QCD calculation would enter in parallel to the
electroweak calculations, however, at present this is not available. In a rst approxima-
tion two sorts of QCD eects inuence the general four fermion process. As mentioned
in section 3.2 a 4-quark nal state interfere with O(
2
) QCD diagrams and in the full
description both classes of diagrams must be included. In addition, nal states involving
hadronic decays of W's or Z
0
's experience corrections due to the possible radiation of glu-
ons. For the Z
0
, part of this correction enter via O(
2
) QCD diagrams already included.
To account for the QCD corrections to the W hadronic decay width a so-called naive






























and consequently the total cross section, is increased and the eective branching ratios of
W's to hadrons and leptons are changed. The reason that is a naive correction factor is
that it only applies strictly to the ideal case of W pair production diagrams and when no
cuts are introduced. Unfortunately a complete O(
s
) calculation does not exist and one
cannot prove the eect from the assessment of the naive correction factor. Furthermore,
it is not evident that this sort of correction can be used for the general four fermion case.
On the other hand, it is expected that QCD eects will enter at the level of O(
s
).
As for the W one can equally apply a naive correction factor for the Z
0
, but at the
risk of double-counting some contributions. In addition, the electroweak generators are
likely to render in combination with dedicated QCD generators for Z
0
! qq in which case
no QCD diagrams or corrections related to the Z
0
should be present in the electroweak
generator.
Finally, one should keep in mind that the whole issue of QCD corrections is closely
related to the hadronisation of quark systems into hadrons. From recent discussions
on possible interconnection eects between dierent hadronising systems, referred to as
colour-reconnection, it is clear that the fragmentation of a nal state quark-system depend
on the electroweak processes at the earlier stage in the event generation.
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3.5 Hadronisation and Subsequent Decays
Being a dedicated electroweak four fermion generator Excalibur rely completely on ex-
ternal programs to deal with the aspects of perturbative parton-showers and subsequent
hadronisation into hadrons. One the most successful and often used models for hadro-
nisation is the \string" model implemented in, among others, the JETSET package [28].
Developed to describe the process, Z ! qq, at LEP1, this model fragments a colour-
singlet guark-antiquark system covering hard and soft gluon radiation via parton showers,
the formation of hadrons from coloured partons, and eventually the decay of unstable
particles.
The application of this model to the general four fermion process requires that we
can split any process containing quarks into separate colour-singlets. This is obviously

















. In the case of W pair production this can readily be
done and each subsystem can then be fragmented analogous to a LEP1 event. Sadly,
nature is not always so pliable and there are complications in the general 4-quark case
where, for instance, two dierent diagrams contributing to the same nal state, correspond
to intermediate states with opposite \colour-pairing". An example of such a process is









respect the nal state has a \memory" of the preceding electroweak process. A further















the appropriate mass-scale for the qq
0
system in the subsequent parton-shower evolution
is ambiguous.
Naturally, the proper way to proceed would be to develop an entirely new hadronisation
scheme to handle the 4-quark nal states in their full complexity. At present such an
algorithm does not exist and it is not even clear what it should look like. The question
is then which criteria one should adopt for subdividing the 4-quark nal states to ensure
optimal physics content.
A \best choice" approach to the colour-pairing problem is to pair the quarks according
to the relative magnitude of the sub-amplitudes for the two classes of diagrams, with class
I corresponding to a pairing 1 + 2 and 3 + 4 and class II to 1 + 4 and 3 + 2, respectively.


















where the interference term, , has an non-physical colour-assignment and is suppressed
by a factor 1=(N
2
C
  1), with N
C
as the number of colours.
In Excalibur a broad variety of methods are available for choosing the appropriate




pairing (when possible) to stochastical pairing based
on the relative magnitude of the sub-amplitudes including the interference term. It will
be too involved to describe them all in detail here and we will only mention the option
considered to be the \best bet" for the moment. In this option we dene the probabilities


































The inclusion of the interference term is done in accordance with the particular phasespace
channel used to generate the event, that is, if the phasespace generator had preference to
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The actual pairing is then chosen on a stochastical basis with these probabilities. Although
this seems as an reasonable approach to the problem it does not solve the ambiguity in















A further complication to this solution is the assessment of the idealised picture of
two quark systems hadronising independently of each other. Recently the question of
colour reconnection or colour rearrangement of quarks from the two hadronising systems
has attracted much attention. The problem of colour reconnection has two facets. First
of all the original pairing may be inadequate and a perturbative rearrangement of the
colour connections may take place in an early stage of the parton-shower and subsequent
fragmentation. This is in principle described by perturbative QCD and the dierent




small eects. Secondly, and far more problematic, is the possibility of colour rearrangement
in the late non-perturbative stage of the fragmentation where the spatial size of two
hadronising systems is large and soft gluon emission modify regions were the two systems
overlap. This phenomenon cannot be described by the standard perturbative methods
and studies of these eects rely fully on specic model-dependent implementations.
Excalibur includes several dierent options to describe both types of colour reconnec-
tion. The options related the perturbative reconnection is of cause closely connected to the
actual choice of pairing done in a previous stage. For this perturbative regime only a set
of rather violent/unphysical reconnection options is available { violent in sense, that they
consistently do the opposite colour connection as in the original pairing with additional
minor subtle features. Such options serve mainly the purpose to study possible worst case
scenarios.
The options for non-perturbative colour reconnection originate from a program used
in recent studies of colour reconnection eects on the W mass measurements [50]. Several
dierent scenarios have been implemented
 model I: After the parton-shower the complicated string-systems are described as
spheres and may reconnect with a probability proportional to the space-time overlap
of the two independent string-systems.
 model II: The strings are imagined as colour-tubes which may reconnect with a
probability proportional to the spatial overlap.
 model III: Strings are considered to be thin vortex lines and reconnection may happen
when they cross.
 model IV: Strings are again considered to be thin vortex lines and reconnection may
happen when they cross, provided that the total string length is reduced.
The eects found using these dierent models are all very moderate in the case of W mass
measurements, and from point of view of TGCs no apparent eect can be observed.
Finally, the standard JETSET package is not able to include the polarisation of a
nal state  in the subsequent decay. Since leptonic  -decays may form an important
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background for semi-leptonic W events in combination with the fact that the  's from
W's are 100% polarised, it is vital to have the correct decay distributions for the  decay.
Therefore Excalibur has been interfaced to a dedicated  decay package, TAUOLA [57],
utilising the full information of the  polarisation.
3.6 Program Structure
The Excalibur eventgenerator is organised in a two level program structure. The outermost
level consists of a set of steering rutines which provide an interface between the user code
and the low level physics and phasespace sampling routines. The majority of the low
level routines originate from the original Excalibur Monte Carlo program, but several has
been modied to account for the many new additions to the program. In particular the
inclusion of massive phasespace sampling has required quite a few alterations. Furthermore
the introduction of Coulomb correction, CKM-mixing, the transfer of colour connection
information and helicity decomposition for  decays necessitated substantial changes in
the part of the program responsible for the calculation of the matrix-element. A detailed
description of the original Excalibur routines can be found in [16].
The running of the Excalibur eventgenerator is controlled by three user callable rou-
tines, EXCINI, EXCEVT and EXCEND.
EXCINI is responsible for the initialisation of the generator: Calculation of relevant
couplings from user input, implementation of cuts and selection of relevant processes from
the user specication. The most time consuming part of EXCINI is the initial scan,
or pre-sampling, where the total cross sections and the peak values for the dierential
cross sections are determined for the up to 144 processes, for use in the subsequent event
generation.
The event generation is controlled by EXCEVT, which generates one event for each
call with a process chosen on stochastical basis from the pre-scan. It also takes care of the
subsequent generation of nal state radiation and fragmentation.
The termination of the event generation is handled by EXCEND, which reports a




To study the potential sensitivity to the triple gauge-boson couplings at the dierent energy
stages of LEP2 and to demonstrate the feasibility of the method applied in this analysis





In addition, various approaches to determine the TGCs will be outlined and reviewed.
The method employed in this analysis will be introduced in detail and the dierent aspects
related to various physics and experimental eects is discussed.
Several studies of the same kind have been carried out in connection with the prepa-
rations of LEP2 [49, 3, 33] as well as investigations of the prospects for determination of
TGCs at very high energies achievable at possible future linear colliders [48, 27, 11].
Studies at linear collider will be of vital importance to reveal indications of new physics
if, for instance, the Higgs boson remain undetected or no other sign of new physics has
been directly observed.
4.1 Methods for Determination of TGCs
There are many possible approaches that can be used in the determination of TGCs.
Obviously, they all make use of the angular distributions of the W in one way or another,
but they dier in their way of extracting the information relevant for a determination of
the TGCs from the angular distributions. Here, three dierent methods, very similar in
the obtained results, but with dierent advantages and drawbacks, are described: The
method of density matrices, the idea of optimal observables and the technique used in this
analysis, the generalised maximum likelihood approach.
4.1.1 Density Matrices
The method of using density matrices represents the traditional approach to study decay
distributions in a completely model independent way and ideally this is highly prefer-
able, especially when considering the the many dierent sorts of constraints that may be
desirable to imply on the TGCs, as seen in section 2.3.
The origin of the method is that the full vefold dierential cross section for W pair
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In the representation equation 4.1 the explicit dependency of the helicity amplitudes lie
in the factor d=d cos  while the remaining part, related to the helicity structure, is
independent of the specic form of the helicity amplitudes for W pair production. An em-
pirical determination of the density matrices consequently allow an analysis independent
of the theoretical form of the helicity amplitudes. As the dependency of the TGCs lie in
d=d cos  the knowledge of all density matrices immediately makes it possible to extract
information about the couplings within any theoretical prediction of W pair production.
In practise the determination of the density matrices requires that the data are binned
with respect to cos , and for each subset of events the full multi-dimensional distribution
of the decay angles from the W 's are used to extract the density matrices.
There are several drawbacks attached to the method of density matrices. First of all,
the necessity of binningmight be inappropriate in cases with low statistics, as is expected at
LEP2. Secondly, a completely model independent analysis of TGCs based on density ma-
trices, demands that 80 (when properly normalised) independent density matrix-elements
must be determined empirically, and with low statistics this is impossible, however, this
is the price for complete model independency. One may exclude CP -violating couplings
and reduce the number to 35 but this is still a very high number of free parameters to be
extracted from data.
Finally, the most devastating problem is that the extraction of the density matrices
from data rely on a suitable projection of the density matrices which is not adaptable to
the more general description of four fermion processes. As we shall ses later, the inclusion
of nite width eects in the determination of the TGCs is vital at energies close to the
threshold of W pair production.
4.1.2 Optimal Observables
The idea behind the method of optimal observables is to nd a set of observables which
are particular sensitive to the TGCs. In this way the relevant information, hidden in
the very complex ve dimensional angular distribution, are projected onto a set of one-
dimensional distributions. Such techniques has been used previously in the determination
of the analogous non-Abelian vertex of QCD, the triple gluon vertex [53, 4, 10].
In contrast to the density matrix approach, the method of optimal observables uses
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where 
 denote the ve angular variables and P
i
represent a TGC. From equation 4.3 a













The distributions of these variables can be extracted empirically along with their mean
value and from this the TGCs can be extracted.
A very apparent advantage of this method is that the use of one-dimensional distribu-
tions allows a more straightforward, detailed and well controlled correction of eects not
easily accounted for in a t to the ve-dimensional angular distributions, in particular de-
tector eects. In the situation of the measurement of the triple gluon vertex this appeared
to be an advantage. On the other hand, the particular construction of the observables
consists in a linearisation of the dependency of the TGCs. Provided that the information
in the higher order contributions is of little importance the linearisation is acceptable and
will give comparable results with methods using the full functional form. But in general
one cannot expect this to be the case, as will be seen later, and in that case the use of
optimal observables will result in a loss of information possibly reducing the sensitivity to
the TGCs.
4.1.3 Maximum Likelihood Estimation
In the maximum likelihood method [54] the dierential cross section, or any other matrix-
element, is used to determine the TGCs by a t of the theoretical prediction to the
measured angular distributions. The advantage of the method is that any number, or all,
of the observed angular variables enter directly in an unbinned maximum likelihood t









where N is the observed number of events, and P (

i
; ) is the probability density for
an event with angular conguration 

i
as function of the couplings . The probability
density is constructed from the dierential cross-section and must be normalised to unity
by an integral over the phasespace. Additional information may be included in the t
when applying the generalised maximum likelihood t [54] (GML), in which the measured




















The predicted number of events, N

, is a function of the TGCs (via the total cross-section,
), the integrated luminosity, L, and the acceptance, A,
N

= L A  : (4.7)
The advantage of the generalised maximum likelihood t compared to the maximum like-
lihood t is that the number of observed events provides extra constrains in the deter-
mination of the couplings, especially in situations with very limited angular information.
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The generalised likelihood function may be written as a log-likelihood function (discarding















The primary advantage of both maximum likelihood methods is that they exploit the full
angular information available and should thus provide maximum sensitivity to the TGCs.
However, the use of the full ve-dimensional angular distributions in a determination of
the TGCs implies that any correction for systematic eects arising from, for instance, the
experimental resolution, background events and acceptance is very complicated. Another
problem of the maximum likelihood methods is that they do not provide any criterion to
check the quality of the t as is the case for 
2
ts. Finally, as the construction of the
likelihood function depend on the explicit form of the dierential cross section such a t
cannot be completely model independent. In the following various results obtained with
the generalised maximum likelihood method will be shown.
4.2 Discussion of TGC Determination
In this section various results from idealised Monte Carlo studies at parton level are
summarised and discussed in order to gain an initial understanding of the results from
the generalised maximum likelihood method and the sensitivities expected at the dierent
energies.
4.2.1 Studies at LEP2 Energies above the Threshold Region
At energies well above the threshold for W pair production the eects from nite width are
expected be of minor importance for the the t to the TGCs. In this section the dierent
aspects of the application of the generalised maximum likelihood are described and the
potential sensitivity to the TGCs will be investigated as function of the information used in




decay channels. The results presented in this section
has been obtained from idealised Monte Carlo studies at parton level before hadronisation
with no initial state radiation and without nite width of the W's. These eects will be
discussed in the succeeding sections.
The estimates for the triple gauge-boson couplings at energies of 176 and 190 GeV
have been found by tting the ve-fold dierential cross-section valid in the narrow width
approximation with no ISR to the following sets of angles
 Production angle, cos #, with the requirement that the W charges have been deter-
mined.
 Production angle, cos #, and the set of decay angles,   (; ), for one of the W's.
This is typically the information available from the semi-leptonic ljj decay mode
where one usually ignore the hadronic W decay.




of the W's. This
information would be available from, for instance, semi-leptonic `jj decays where
quark-tagging techniques have been applied to the hadronic W decay.
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Angular 176 GeV 190 GeV
Parameter information Without normalisation Normalisation Normalisation

Z
























Table 4.1: The measurement error are shown for ts to 
Z
dened as function the angular
information used in the t and energy. For 176 GeV the errors are given for ts both with
and without the use of normalisation to the total number of observed events. A set of
decay (cos ; ) is denoted by , and  means that folding has been applied. In the last
row the folding is done for the two-fold lepton ambiguity.
The errors obtained from ts using these dierent sets of angular information can been
found in table 4.1 for 
Z









) the corresponding 95% condence plots can be found in gure 4.1. The
denition of the TGCs can be found in section 2.4.1. In order to see the eect of the
inclusion of information from the total number of events the ts for 176 GeV have been
made both with and without the additional constraint from the observed number of events.




) are shown in
gure 4.2.




event one may obtain the full angular information for
an event, however, ambiguities exist as indicated in table 2.7. They arise due to lack of
knowledge about W charge, quark avours, and in the purely leptonic `` decay mode
unmeasured neutrinos, and it necessary to convolute the probability distribution in the
likelihood function with respect to the dierent angular congurations with corresponding
possible loss of sensitivity. To investigate the eect of convolution over the various recon-
struction ambiguities the 3 dierent ts have been made for the 3 basic types of event
congurations. These three types of reconstructed angular congurations, corresponding
to the naive (with respect to the reconstruction) ``, `jj, and jjjj decay modes, have
the following reconstruction ambiguities




decays the momenta of the 2 neutrinos is unknown, how-
ever, under the assumption that the event consist of two decaying W's the require-
ment that the lepton-antineutrino (or vice versa) system should have the mass of a W
in addition to the usual four-momentum conservation provides enough constraints to
determine the momenta of the (massless) neutrinos. However, the quadratic nature
of some of the constraints result in a two-fold ambiguity, corresponding to ipping
both neutrinos in the lepton-antilepton plane[19], see appendix A. One should note










 For the semi-leptonic decays, `jj, the W charge is known and the set of decay
angles from the leptonic decay is completely determined. For the hadronic decay
the missing knowledge of which jet that originates from the down type quark (or




























as function the angular information used in the t for 176 and 190 GeV. A steep rise in
sensitivity is observed as function of energy. It is due to the faster drop o with energy for
the standard model contribution compared to the contributions from the couplings and
threshold eects. The plots have been made for 2000 events and using the full generalised
maximum likelihood function.
anti-down in the case of W
+











which corresponds to swapping particle and anti-particle for the quarks, see 2.55.
 In the case of hadronic decays, jjjj , the W charge and the quark avour is unde-
termined and consequently one has the ambiguity


























) is shown as function of
the angular information used in the t and with and without the use of normalisation to
the total number of observed events. The plots have been made for 2000 events at 176
GeV. It is clear that the eect of the normalisation is largest for cases with limited angular










where the prex j refers to both jets. In total this corresponds to a 8-fold ambiguity.
Of cause there is room for improvement by means of jet-charge and/or avour tagging,
but these 3 congurations plus the situation with full angular information describes all
possible scenarios.
The resulting errors from one-parameter ts to 
Z
for the 3 angular congurations
are listed in table 4.1. As before the results for 176 GeV is given with and without the
additional constraint from the total number of event. The 95% condence plots for the
two parameter ts are shown in g 4.3.
From the results in table 4.1 and the 95% condence plots in gure 4.1, 4.2 and 4.3
several conclusions may be drawn.

































and for energies of 176 and 190 GeV. The same comments apply as for gure 4.1. One
should note the very high sensitivity of the leptonic decays.
It is clearly seen on the condence plots for the two parameter ts that increasing an-
gular information improves on the sensitivity to couplings. Furthermore table 4.1 shows
that inclusion of the normalisation improves on the t, however, the eect of the nor-
malisation is more pronounced in the cases with limited angular information, as can been
seen in gure 4.2 where the eect of the normalisation is shown for increasing angular
information. One also observes an increasing accuracy with energy as expected from the
previous discussion in section 2.4.1 | and well-known from many other studies.
From the dierent condence plots it is immediately evident that the purely leptonic
channel, although limited in number of events, have a very high sensitivity to the couplings
{ almost as good as the full angular information. The reason for this is that both solutions
of the two-fold ambiguity contribute with information in the t. In the case of a separate
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Figure 4.4: Plots of the log-likelihood function for one parameter ts of 
Z
to the true
(left) and the false (right) solution of the twofold ambiguity appearing in purely leptonic
events. Note plateau for the false solution towards the standard model value 
Z
= 0.




(right solution)  0:0;

Z
(wrong solution)   1:0:
(4.14)
However, as can be seen from the plots of the corresponding log-likelihood functions in
gure 4.4, the t to the wrong solution exhibits a sort of plateau at the standard model
value, indicating that not all the information is lost due to folding. Another way to
illustrate this tendency can be seen in gure 4.5 where the probability distribution, which
enter in the likelihood function, for the right and the wrong solution is plotted versus
each other. Clearly, a very strong linear correlation is seen, and it remains unaected
under the variation of 
Z
from -1 to 1. For comparison the same plot is shown for the
semi-leptonic case, and here no correlations is observed, resulting in a more pronounced
loss of information due to the folding. In principle one cannot conclude the behaviour of
the convoluted log-likelihood function from the two individual log-likelihood distributions,
but the t clearly shows that it prefers the standard model value, although the resulting
errors are slightly larger that the ideal case when all information is available, showing that
some information is lost.
In the pure hadronic channel the 8-fold ambiguity clearly results in a loss of sensitivity,




events the higher statistics
partly compensates for that, and besides, the use of this channel clearly can be improved
by jet-charge and quark tagging techniques { after all, half of the hadronic W decays
contain a c-quark with very little background from b-quarks.
As discussed in section 2.4.1 the structure of the helicity amplitudes suggests that
correlations are to be expected between various of the couplings and the various condence




) the use of full angular
information reveal a very complex correlation resulting in two separate minima. The true
minima is at the standard model values and for 2000 events the separation between the
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Figure 4.5: The righthand side: The linear correlation among the probability distribu-
tion functions for the false and the true solutions in the di-lepton channel. The lefthand
side: In the semi-leptonic channel no correlation is seen.
true and the spurious minima is around 1:3 for 176 GeV and 1:74 for 190 GeV, in
the case where full angular information is used. The explanation of this correlation has
been denoted as the    Z conspiracy [23], referring to the diculties in separating Z-
couplings from -couplings at energies s M
2
Z









the correlation is among the helicity amplitudes for LL and LT polarisation states [49].




. In the case of limited angular
information and un-polarised electrons these correlations manifest themselves in the well-
known banana shapes [23], but with the full information the helicity amplitudes is probed





) reveal no such correlation because x

contribute to LL polarisation states
and y

to transverse TT states, but show a parabolic correlation due the common LT
polarisation states.
4.2.2 Extending the Generalised Maximum Likelihood Method
In the discussion of the dierent methods reference was been to the dierential cross
section equation 2.53 which is only valid in the narrow width approximation and with no
ISR included. Clearly, at energies close to the W pair production threshold eects from
nite width, in general four fermion processes, can modify the angular distributions, as
seen from gure 2.5. A similar eect is observed in gure 3.4 for ISR, and this eect will
increase with energy. In this way these eects can mimic the presence of non-standard
TGCs and can therefore introduce biases if not included when the TGCs are extracted via
a t.
It is straightforward to extend the generalised maximum likelihood method to the
general four fermion case including eects from ISR, nite width and Coulomb correction
by replacing the dierential cross section in equation 2.53 with the corresponding four
fermion cross section, available, for instance, from Excalibur. The log-likelihood function
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where we have indicated the functional dependency on ISR with P
ISR
as the spectrum
of centre of mass energy. In equation 4.15 

i
signify the kinematic variables used to
describe an event. The use of equation 4.15 requires that events can be experimentally

















reference frame on an event by event basis. The remaining
problem for the t is then the normalisation of the dierential cross section which requires
the determination of the total cross section as function of the TGCs. Unfortunately this
cannot be determined analytically, however, since the helicity amplitudes for the general
four fermion process are linear in the TGCs the dierential as well as the total cross section
can be written in the quadratic form














where  denotes the TGCs. The element 
1;1
in the symmetric matrix 
i;j
is the standard
model cross section. For any given set of TGCs this matrix can be determined by a Monte
Carlo integration of the dierential cross section for various values of the TGCs.
As a nal comment it should stressed that nite width and ISR also will distort the
experimental reconstruction, and thereby lead to additional eects not included by these
extensions.
4.2.3 Studies at the W Pair Production Threshold
As indicated in section 2.4.2 and further in chapter 3 eects from ISR, nite width, and
background diagrams may show the same behaviour in the angular distributions as possible
non-standard TGCs. The eects of ISR and nite width has been studied recently in great
detail for energies of 176 GeV and 190 GeV[33]. At those energies eects form particular
nite width is considerably lower than the impact of ISR, but the overall systematic biases
from these eects was found to be of the order of the envisaged accuracy. In the threshold
region for W pair production the opposite situation is expected as the average energy loss
due to ISR is smaller but instead the low energy close to threshold in combination with a
width of about 2 GeV give rise to large variations in the mass. If one, for instance, would































at parton level, a majority of the events, more than 85% , would fail to satisfy the con-
straints. Modifying the constraints to include full knowledge about the ISR show a neg-
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events must take these considerations into account if W mass requirements are imposed
on the events.
Likewise will the application of the cross section equation 2.53 calculated in the narrow





events generated at 161 GeV with Excalibur has been tted with the





= 1:81  0:39 (stat.) (4.18)
which is more than 4:5 s.d. away from the standard model value where the events were gen-
erated. In the two parameter ts a large shift away from the standard model is observed.
As can be seen from the various plots of the cross section as function of the W production
angle in section 2.4.2 and chapter 3 the inuence of nite width and ISR resemble that of
non-zero TGCs. Consequently the biases arising from ISR and nite width is expected to
depend on the TGCs, since values of TGCs with similar eects will tend to enhance the
biases. In the opposite case a cancellation could be expected. This eect has indeed been
observed in studies at 190 GeV [33].
Following the idea in section 4.2.2 ISR and nite width eects can be incorporated in
the t to the TGCs by using the dierential cross implemented in Excalibur which include
not only ISR and nite width, but also the Coulomb correction. In order to use Excalibur
we then need a Monte Carlo integration of the cross section by Excalibur as function of
the TGCs. The technical details on the Monte Carlo integration of the matrix element
in order to obtain the appropriate normalisation can be found in chapter 7; the resulting




























0:0021 0:0207 0:0011 0:0125
 0:0041 0:0010 0:0051 0:0003 0:0143











has been determined for M
W
= 80:25 GeV and
p
s = 161 GeV.
To study the improvement by taking into account the eects from ISR and nite
width and to investigate the possible degradation of the accuracy a set of ts have been
performed, using the generalised maximum likelihood method with ISR, nite width and
Coulomb correction. In order to compare the ts at 176 and 190 GeV have been redone at




events generated with ISR, nite width and Coulomb correction.
The results for 
Z
can be found in table 4.2 for ts using the angular information available




decay channels as well as the full information. The corresponding









) in gure 4.6. For the later comparison with the measurements from data
of the three \blind" directional TGCs table 4.2 also presents the values found for one






. For convenience all the one parameter ts has been




event corresponding to 100 pb
 1
when all three
decay channel are combined and with a event selection eciency of 100% .




























0.132 0.053 0.163 0.076
100 pb
 1
0.298 0.128 0.470 0.243









the angular information used in the t at 161 GeV. The t include ISR, nite width and
Coulomb correction.














for energy of 161 GeV. The same comments apply as for gure 4.1. Again the sensitivity
in leptonic decays signicant.
As discussed in section 2.4.1 the appearance of a factor  in the terms related to
the TGCs suggests that the potential sensitivity to the TGCs at threshold energies will
be limited. However, a comparison of the precisions in table 4.2 with those from the
narrow with approximation at 176 GeV in table 4.1 shows that the accuracy is higher
than could be expected by the very low  = 0:08 at 161 GeV compared to  = 0:41
at 176 GeV. The explanation for this is that one eect of nite width is to increase
the average value of  as the masses close to threshold tend to be pushed towards lower
values. Hence, a t containing ISR and nite width not only remove biases but also give
increased sensitivity. To get a feeling of the predicted sensitivity to be expected if the
narrow width approximation could be applied at 161 GeV, 2000 toy Monte Carlo events
were generated according to the on-shell vefold dierential cross section in equation 2.53
and subsequently tted using the same in the generalised maximum likelihood method.
The resulting sensitivity in 
Z




= 0:38, which is considerably larger than the results listed in table 4.2.
Finally, it is possible to incorporate the full set of four fermion diagrams in the calcu-






























general four fermion case, including ISR, nite width and Coulomb correction, as function







events only, each specic four fermion event type consists of dierent contributing diagrams
and consequently each process must be dealt with individually.







d events generated with Excalibur and subsequently tted using the
full set of diagrams, properly normalised. In the generation of the events and the Monte










were imposed. These cuts resemble very simple versions of the typical cuts introduced







in table 4.3. It is seen that the utilisation of the complete set of diagrams for a specic





are included, however, the nal precision depend signicantly on the actual cuts imposed
in the event selection.
Chapter 5
Experimental Apparatus
In high energy physics the constant aim for higher and higher energies has implied that
the apparatus needed has become very large and expensive. Because of this only a few
large colliders of importance exist today. One of them is LEP placed at the European
centre for high energy physics | CERN. CERN is a joint operation of several countries in
Europe, and more than 3000 physicists from many countries participate in the activities
at CERN.
This chapter describes the LEP collider at CERN and the ALEPH detector which
altogether form the experimental setup used in this analysis.
5.1 The LEP Collider
The LEP collider (gure 5.1) is a circular particle accelerator in which high energy electron
and positron beams are accelerated and brought to collision. The LEP main ring is placed
in a tunnel 26.7 km in circumference located under the Swiss and French territory near
CERN. The particle beams are transmitted to the main ring by an injector system using
several other machines of the CERN accelerator complex. The two synchrotrons SPS
(450 GeV) and PS (28 GeV) are the most important links in this system. Their purpose
is to accelerate the electrons/positrons to 20 GeV (the LEP injection energy) and 3.5
GeV respectively. In the main LEP ring the beams are organised in eight electron and
eight positron bunches, which are arranged in four so-called bunch-trains, each with two
wagons. Four detectors (ALEPH, DELPHI, L3, OPAL) are installed in the interaction
regions symmetrically distributed on the main ring, where the beams are made to collide.
From the physical point of view, the main parameters of an accelerator are the energy
and the luminosity of the colliding beams. The beam energy determines the available
centre of mass energy of the particle interactions studied.
The maximum achievable beam energy in the case of circular electron-positron colliders
is limited by the energy loss of the beam particles due to synchrotron radiation, which
must be compensated through a continuous energy supply from rf-cavities. The energy
loss of the circulating beam has to be balanced by continuous acceleration. At relativistic
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Figure 5.1: Schematic view of the LEP ring with the four experiments and the injector
chain.
where  and  are the usual relativistic factors and  is the bending radius. At LEP,
where   2  10
5
, the energy loss of an electron is about 2.5 GeV/cycle resulting in a
18 MW energy loss during normal run periods. The increase in the beam energy of light
electrons becomes exhaustingly dicult at high energies and the LEP collider represents





The rate of a given type of interaction in an experiment,
_
N , is determined by the total
cross section  of the corresponding physical process and the luminosity L of the colliding
beams. The integrated luminosity L =
R
L dt over the duration of the experiment is a
good measure of the statistics of the data sample. The luminosity can be expressed in
terms of beam parameters A: Eective transverse cross section of the beam at a collision
point, N
b
: Number of particles in a bunch and, f
b
: Frequency of the bunch collisions in
the experiment
_








The beam parameters are constrained by the machine parameters. The actual number
of particles in a bunch is constrained by the beam instabilities and the ultimate limit
of the performance results from beam-beam interactions of the by-passing bunches. The
beam cross section in the collision point is limited by the beam optics, i.e. the stability
and homogeneity of the dipole and quadrupole magnetic elds used to focus the beams.
The actual integrated luminosity over a long run depends on the overall eciency in lling
and maintaining the beams. Uninterrupted periods of 6-12 hrs of stable colliding beams







have been typical during the operation of the machine at 161 GeV.
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At present, in the LEP2 phase, an additional installation of superconducting rf-cavities
in combination with the copper cavities, used in the LEP1 phase, makes it possible to








5.2 ALEPH - A detector for LEp PHysics
The ALEPH detector is a (almost) 4 general purpose detector designed to give as much





ALEPH detector is a collection of independent, modular subdetectors arranged in layers
like an onion, and each layer being sensitive to particular particles and with a specic
function. In the following sections short descriptions are given of the various subdetectors
in the order a particle leaving the central interacting point would encounter them, see
gure 5.2. The reader may refer to [2, 24] for further details.
But rst a short comment on the ALEPH coordinate system. Due to the cylindrical
form of the ALEPH detector, ALEPH uses a coordinate system which is usually expressed
in terms of (r; ; z) or (x; y; z). In both cases, the z direction is chosen along the beam
line, positive in the direction followed by e
 
. The positive x direction points to the centre
of LEP, see gure 5.1, and is by denition horizontal. The positive y direction is then
vertically up
1
. r and  are just the standard cylindrical coordinates with respect to the
beam line.
5.2.1 Minivertex Detector
The Minivertex detector (VDET) is used to pinpoint a track's location in the area close
to the beam-pipe. Together with the ITC (section 5.2.2) and/or TPC (section 5.2.3) the
information found by the VDET allows tracks produced by decay of short-lived particles
to be separated from the primary interaction point with good eciency, about 30 microns.
The VDET consists of two layers of silicon wafers arranged around the beam-pipe with
radii of 6.3 and 11.0 cm, respectively, and has a total length of 40 cm, covering tracks with
j cos j < 0:95. Charged particles passing through a wafer deposit ionisation energy, which
is collected on both sides of the wafer. On one side of the wafer this information is used
to nd the z coordinate, and on the other side the orthogonal r- direction is determined,
thus establishing a space point of the track with a precision of about 14 microns (for the z
coordinate it depends on cos  and average is around 30 ). A view of the VDET is shown
in gure 5.3.
The present VDET is a rather new subdetector in ALEPH. In the running period
before October 1995, a dierent VDET was used, the one described here [64] was installed
in the October 1995 and used thereafter.
5.2.2 Inner Tracking Chamber
The Inner Tracking Chamber (ITC) is a cylindrical multi-wire drift chamber roughly 2
meters long and with inner and outer radii of 13 and 29 cm. A total of 960 drift cells
are placed in eight concentric layers parallel to the beam axis, with 96 drift cells in each
of the four inner layers, and 144 cells in each of the four outer layers. The drift cells
detect the ionisation of particles passing close by. The ITC drift cells are hexagonal, with
1
Because the beam axis makes a 3.6 mrad angle with the horizontal, y is not exactly vertical.
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Figure 5.2: A cut-away view of the ALEPH detector.
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Figure 5.3: The mini vertex detector anno October 1994. In October 1995 it was replaced
by a new detector to meet the higher level of radiation expected at LEP2. The new VDET
is twice the length of the old one increasing the angular acceptance to  0:95 < cos  < 0:95
for tracks to have a hit in at least one layer.
a central sense wire surrounded by six eld wires. Four of these eld wires are shared by
neighbouring cells in the same layer. The drift cells in contiguous layers are oset by half
a cell width, in order to resolve left-right ambiguities. The form and relative position of
the drift cells are illustrated in gure 5.4.
The ITC serves two purposes:
 First, it is used to enhance the overall particle tracking, especially in the small angle
regions. Up to eight points per track can be found, thanks to multiple layers, giving
valuable information to be used later for reconstruction of position and direction of
the tracks. For each point precise r- coordinates, within 150 microns, are found by
measuring the drift time between dierent sense wires. The longitudinal information
(z) is obtained with a precision of about 7 cm by measuring the dierence in arrival
time at the two ends of each sense wire.
 Second, since it is able to identify roughly the number and geometry of tracks, and
has a fast response time, it provides information for the level 1 trigger (section 5.2.9),
so that non-interesting events can be quickly rejected before another beam crossing
occurs.
The gas used in the ITC is AR(80% )+CO
2
(20% ) at atmospheric pressure, with a
sense wire operating voltage for this mixture between 1.85 and 2.05 kV.
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Figure 5.4: The ITC drift cell.
5.2.3 Time Projection Chamber
The time projection chamber (TPC) is in many ways the heart of the ALEPH detector.
The purpose of the TPC is to measure the momentum and emission angle of charged




used for the separation of tracks from charged e, /, K and p.
The TPC has a cylindrical structure, is 4.7 m long and extends to a radius of 1.8 m
from the beam axis, and is placed with its axis parallel to the axis of the magnetic eld
and the beam axis (section 5.2.5). Further, an electrical eld of 11.5 kV/m is supplied,
going from each endplate towards the central membrane that divides the TPC into two
halves (gure 5.5).
A charged particle track leaves ionisation trails of electrons in the 91% Ar and 9% CH
4
gas mixture which under the inuence of the longitudinal electric eld drift towards one
of the endplates of the chamber. There the information may be recorded in up to three
ways:




 Finely spaced cathode pads beneath the wires localise the ionisation in r- coordi-
nates with an accuracy of about 180 microns.
 Finally the z coordinate of the track producing the ionisation is determined with an
accuracy of about 740 microns by the time required to drift to the endplates.
The endplates consist of 18 wire chambers designed in such a way that up to 21 space
points and 320 ionisation samples can be measured per track. Having determined the
3-dimensional image of the tracks in an event, the momentum can be measured from the
curvature of a track in the magnetic eld with a resolution of about [24]
p=p  1:2  10
 3
p[GeV/c], (5.3)
which is reduced by a factor
1
2
when the information from the VDET, ITC and TPC are
combined. Further, the curvature direction identies the charge of the track.
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Figure 5.5: Overall view of the TPC.
Due to size of the TPC, distortions caused by electric and magnetic eld inhomo-
geneities are unavoidable, and in order to correct this a laser calibration system consisting
of two Neodym-yag lasers is used to create straight ionisation tracks by which the actual
curvature and drift velocity are determined. Another problem giving rise to some distor-
tions is the build-up of space charge of slowly drifting positive ions in the drift region.
The positive ions are produced during the gas amplication near the sense wires and will
eventually move back into the drift volume, causing unwanted local eld distortions. To
prevent this a gating grid is placed in front of the detection plane of the TPC. The gate is
operated in order to be either totally opaque or transparent to approaching drifting elec-
trons. The drifting electrons are then (gas-)amplied only when a suitable event is present
(section 5.2.9), and on the same time the much slower positive charges are prevented from
entering the drift region.
5.2.4 Electromagnetic Calorimeter
The subdetectors described so far can only be used in the detection of charged particles.
The electromagnetic calorimeter (ECAL), however, is used to detect all electromagnetic
interacting particles, i.e. not only charged particles but also neutral particles like photons.
The ECAL is shown together with the hadronic calorimeter, see section 5.2.6, in gure 5.6.
The ECAL is a so-called sampling calorimeter consisting of alternating wire chambers and
lead sheets | like a sandwich. It is divided into a barrel region surrounding the TPC and
two separate sections, one on each endcap of the detector. Each of the sections are further
split up into 12 modules, which in turn consists of 45 lead/proportional wire-chamber
layers giving a nominal thickness of the ECAL to 22 radiation lengths (X
0
). The lead
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Figure 5.6: Overall geometry of HCAL surrounding the superconducting coil and ECAL.
sheets cause e

and photons to produce electromagnetic showers of many particles thus
giving a much stronger signal. The signal is then recorded on small (approximately 30 
30 mm
2
) cathode pads, and used to measure the total energy and the position of a shower.





regions of solid-angle, pointing to the interaction point. Each module in the barrel
has 4096 such towers, while the endcap modules only have 1024. Further each tower
is summed independently in three depths (\storeys"), the rst covering approximately 4
radiation lengths, the second about 9 and the last also 9.
The ECAL is a hermetic detector covering about 97.5% of the full solid angle in 73728
towers, and the ne granularity in solid angle allows narrowly separated showers to be



















The magnet in the ALEPH detector consists of a completely calorimetrised iron yoke
(HCAL, section 5.2.6) and a superconducting solenoid (gure 5.6) made of a continuous
and homogeneous winding extending over the hole length of 6.35 m and with a diameter
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of 5.3 m. The Helium-cooled superconducting solenoid creates a magnetic eld of 1.5 T at
5000 A parallel to the LEP beam direction. In order to ensure that the sagitta
2
distortions
in the TPC are less than 0.2 mm, two compensating coils, each 40 cm long, are placed at
the ends of the main solenoid. The requirements to the homogeneity of the eld can be








dz < 2mm: (5.6)
Finally, the useful magnetic volume is 123 m
3
, meaning that an energy of 136  10
6
J is
stored in the eld.
5.2.6 Hadron Calorimeter
The hadron calorimeter (HCAL) is a 2600 t big iron structure surrounding the supercon-
ducting coil and the ECAL as shown on gure 5.6. It serves three purposes:
 First, as already mentioned in section 5.2.5 it is used as return yoke of the magnet.
 Second, it is used to detect strongly interacting particles like protons and neutrons.
 Last, it works together with the muon chambers (Section 5.2.7) to make the muon
detector.
The construction of HCAL is similar the one of ECAL, i.e. it is divided into a barrel region
and two end caps, which each again subdivides into several modules. The modules in the
barrel region consist of 22 layers of iron, each 5 cm thick, placed with 22 mm gaps between
them. Including an outer layer of 10 cm, the total thickness of iron is 1.2 m, corresponding
to 7.16 interaction lengths for a hadron passing in a direction perpendicular to the module.
The end cap modules are like the modules in the barrel except that they only have 16
layers (22 close to beam axis) and a dierent shape. In the gaps between the iron layers
are placed streamer tubes which detect the ionisation of the particles passing through.
The streamer tubes, made of PVC, are 1 cm high, 8.1 cm wide and extend over the full
length of a module, and are split into 8 pads situated on top of each other, each pad having
a size of 9 9 mm
2
. Between each layer of pads a 100 microns thick wire is placed along
the axis of the streamer tube.
Similar to the electrons in the ECAL, hadrons passing through the iron layers generate
showers of additional particles which induce signals in the streamer tubes. Three types of
signals about a passing particle are extracted. The signals from the streamer tube wires
are used in a trigger as a measure of the energy deposition as function of depth. Pads





angle pointing towards the interaction point. The barrel contains 3456 towers whereas
the end caps has 1920 each. In contrast to the ECAL towers, the towers in the HCAL
have only two stories. Finally, strips running along the tubes are used to form a two-
dimensional digital image of the hadronic shower, giving vital information about the path
of a particle passing through the HCAL. The information is later, in combination with the
signals from the muon chambers, used to identify muons, thus giving only a 1% chance
2
The deviation of the chord from the circle, at the midpoint of the circle segment taken from the circular
motion performed by the charged particles in the magnetic eld.
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of misidentifying hadrons as muons. The hadronic energy can be measured by the HCAL









Since the muons are very weakly interacting leptons, the obvious way to detect them
is to see what is left, when all other particles
3
have interacted. Therefore the ALEPH
detector has two additional layers of streamer tubes placed 40 and 50 cm, respectively,
outside the HCAL: The Muon Chambers. Together with the HCAL, the muon chambers
constitute a two-level muon detector. First the HCAL is used to distinguish a hadron
from the \cleaner" penetration of a muon, i.e. to give a YES/NO signal about muons.
Afterwards the 94 muon chambers are used to record the  and z position of any charged
particle escaping the HCAL, mostly muons. In the ALEPH detector a 5 GeV/c muon can
be identied with roughly 95% eciency. Up to 1991 there has only been one layer of
streamer tubes, the second one was installed just before the 1991 running period. For a
particle travelling through both layers of muon chambers the direction of the track can be
determined with an accuracy of about 10-15 mrad.
5.2.8 The Luminosity Monitors
Precise measurements of the standard model parameters require accurate knowledge about
the beam luminosity. At ALEPH this is done by measuring the rate of a theoretical well
understood process: Small angle Bhabha scattering. Then, by dividing the observed rate
by the theoretical cross-section, the eective luminosity can be found. From the lowest













it is clear that precise measurements of the energy and especially the polar angle are needed
to pinpoint a Bhabha event and use it for luminosity calculation. These measurements are
done with two instruments: The luminosity calorimeter (LCAL) which from 1996 until
the end of LEP2 is the primary luminosity detector and the silicon tungsten calorimeter
(SICAL) as a backup. In gure 5.7 one half (two modules) of LCAL is depicted.The LCAL
is a lead/wire calorimeter with an outer radius of 52 cm, inner radius of 10 cm and the
length is 45 cm. It is similar to the ECAL in its operation. The LCAL consists of two
sets of two semi-circular modules situated around the beam-pipe, one set in each end of
the detector 262.5 cm from the interaction point, covering from 45 to 195 mrad. There
is a total of 38 sampling layers comprising 24.6 radiation lengths, grouped in 3 stacks of
9, 20 and 9 layers corresponding to 4.77, 10.6 and 9.35 radiation lengths, respectively.
As in the ECAL, both pad and wire signals are available, and the small square-shaped
( 30  30 mm
2
) pads are likewise connected to form projective towers of three storeys
each. An electron-positron pair from Bhabha scattering is found by requiring two hits
directly opposite each other in the LCAL modules on either side of the ALEPH detector.
3
Neutrinos are disregarded in this context.
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Figure 5.7: One half of the luminosity monitor, LCAL, with the SATR, a luminosity
monitor which was dismantled in 1992 to make room for SICAL.
The gas mixture in LCAL is the same as in ECAL; 80% Xenon and 20% CO
2
. This









SICAL is a cylindrical silicon tungsten calorimeter mounted around the beam-pipe
250.36 cm from interaction point on each side, just in front of LCAL. The depth is 11.4
cm and the inner and outer radii are 6.75 cm and 15.65cm, respectively, providing an
angular coverage from 27.9 to 62.7 mrad. The calorimeter consists of 12 layers of tungsten
alternating with sheets of silicon pads giving in total 23.3 radiation lengths. The energy








The instantaneous luminosity is provided by a set of calorimeters situated on both
sides of ALEPH 7.7 m away from the interaction region, commonly denoted BCAL.
Finally, using LCAL it has been possible to measure the absolute luminosity with
systematic errors well below 1% [32] for the 161 GeV run.
5.2.9 The Event Triggers




collision and reduce the
background to a manageable level. The rate of triggering must be adjusted so that the
TPC is gated at an acceptable low rate, and the deadtime induced by readout is negligible.
The trigger is designed to be sensitive to single particles or single jets. Signals from the
ITC, TPC trigger pads, ECAL wires and towers, HCAL wires and towers, and LCAL
wires and towers are used as input to the trigger decision. The ALEPH trigger system is
based on three levels of renement:
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The Level-1 trigger delivers a decision within  5 s | a fast decision when compared
to the time between two bunch crossings, 11 s. Its purpose is to reduce the rate to a
few hundred Hertz
4
, thereby keeping the TPC operational to give track information
as input to the subsequent Level-2 trigger. The Level-1 trigger uses information
from the ITC, ECAL and HCAL, checking the coincidence between tracks in the
ITC and energy deposits in the ECAL and HCAL, respectively. Also, it uses the
actual energy deposited in the ECAL, HCAL or LCAL, to reject events with great
energy losses. A Level-1 Yes trigger decision initiates digitisation, whereas a No
causes a initialisation of the readout.
The Level-2 trigger renes the Level-1 track (ITC) triggers by using the TPC track
information with the ITC, and checks for the presence of charged particle trajectories
in the TPC originating from the vertex. Since it takes 45 s for the ionisation trails
to drift to the end plates in the TPC, about 50 s are required for the Level-2 trigger
to make a decision. When a Level-2 Yes decision is made, full readout of the detector
is initiated, and a No results in clearing the ECAL and re-enabling the detector for
the third beam crossing after the one which produced the Level-1 Yes.
The Level-3 trigger is performed by an analysis process using the full detector infor-
mation. The purpose of this trigger is to make a further reduction of the rate, and




interactions, to separate them from background triggers,
and to validate them for recording on the storage medium.
4




The goal of this analysis is to establish evidence for the triple gauge-boson sector within
















annihilation provide the ideal platform for a high precision experimental study of
the bosonic sector via W pair production.
The analysis naturally falls in two separate parts. The rst stage is devoted to the




topology and discard events from processes
not under study. This stage takes its starting point in the individual objects and gradually
increases in complexity culminating with a global event reconstruction algorithm to im-
prove the resolution on the quantities important for the last part | the determination of
the triple gauge-boson couplings. In this chapter the various phases in the event selection
and reconstruction are explained in detail. The second part of the analysis is presented in
chapter 7.





To understand the motivation behind the dierent selection criteria, we will start with a





the possible complications that may arise in the analysis.
The W boson can decay either into a lepton-neutrino pair (leptonically) or a quark-

























event is generically classied in 3 decay channels reecting the
decay of the individualW's: Leptonic (
1
9




), with one hadronic and one leptonic decay, and nally hadronic (
4
9
) when the two W's
decay hadronically. The branching fractions for the dierent decay channel can be found
in table 2.7. The possibility of gluon radiation increases the branching ratio for the two
channels with hadronic W decays further with respect to the leptonic channel.




decay channel is the least statistically signicant ( 11%
for l = e; ; ) when compared to the semi-leptonic and hadronic channels. On the other
hand the experimental signature of `` events is remarkably simple: two high energetic
leptons and large missing energy. Furthermore, the knowledge of the W charges from their
respective leptons in combination with the small reconstruction errors of leptons makes this
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channel interesting. However, the missing neutrino momenta imply that the W-direction
cannot be determined unambiguously, a priori making this channel dicult to exploit.






decays makes it impossible to









events. Nevertheless, we saw in chapter 4 that the information content
in this particular channel was very high despite the low number of events. At 161 GeV the








is approximately 3.6 pb resulting in useful cross
section for this channel of about 0.18 pb.
In general the semi-leptonic decay channel is considered to be the most promising of
the three decay channels. The signature of an semi-leptonic event is quite distinctive with
the presence of an isolated high energy lepton, two approximately back-to-back jets and
large missing energy and momentum due to the undetected neutrino. It has the same
advantage as the leptonic channel in that the charge of W is known from the leptonic
decay, but in addition the hadronic W decay provide full knowledge on W-direction. As
for the leptonic channel the subsequent decay of the  in
1
3
of the events introduce an
additional problem, but while the extra degrees of freedom was disastrous for the leptonic
case a very careful reconstruction of the  decay could supply the information needed
to include this channel. Another very attractive feature of this channel is that the two
dierent decays of the W's imply that correlation eects between the two W's, such as
colour reconnection or Bose-Einstein correlations, which aects the hadronic channel, are
absent. Discarding the decay mode involving  's the total cross section at 161 GeV and
M
W
= 80:25 GeV for the ejj and jj channels is 1.05 pb, almost 6 times higher than
for the leptonic decay mode.




decay mode is very appealing due to the substantial branch-
ing ratio of 46% which corresponds to a cross section of 1.65 pb at 161 GeV. The hadronic
events are distinguishable by a high average multiplicity of charged tracks and large visible
energy close to the available centre of mass energy. Typically the the global event topology
consists of four high energetic jets originating from the underlying four quark structure.
The use of this particular decay mode has many problems attached. Most problematic is




event information, that is, details
about the W charges, decay avours and the pairing of the four jets into two W, which is
smeared in the very complex manifestation of the four quarks. This is further complicated
by the reconstruction of the jets which possibly lead to an overlap between particles from
dierent W's worsening the resolution on the W-direction. Finally, this channel is fore-
seen to be inuenced by possible colour reconnection and Bose-Einstein eects, which, at
present is poorly understood, but is expected to correlate jets from dierent W's.
In this analysis we concentrate on the the statistically dominant channels, the semi-
leptonic and hadronic decay modes, which share some common features in the reconstruc-
tion and suer from the same background processes. Although this analysis will not study
the leptonic channel it deserves attention due to high information content in each event,
but the background processes are dierent and other complications arise in the analysis,
making this channel distinct from the two others and the purely leptonic channel has
therefore been studied in a separate analysis [52].
6.2 Background




decay modes come from the fermion pair pro-
duction via Z
0








f, which still has an overwhelming cross
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section at 161 GeV far away from the Z
0
-peak. For the semi-leptonic and the hadronic
channels the background stems from the hadronic Z
0
-decay which has a cross section of





the majority of the events from Z
0
or  exchange are aected by hard ISR photon emission
(E

 55 GeV) which boosts the eective two-quark centre of mass energy back to the
Z
0
-mass, this is known as the radiative return to the Z
0
. Such events are characterised
by large missing energy and low invariant mass clustered around the Z
0
-mass or, if the
 is detected, a very high energetic . About 70% of the qq event are of this type, the
remaining 30% are high invariant mass events, centred on the kinematic top.





the lower multiplicity as the total multiplicity in hadronic Z
0
decays only increase slowly




events. The presence of two hadronically decaying systems also reveal some information
about the event topology. In the case of qq, the events tend to have a two-jet structure





events consists of two independent two-jet systems generally yielding
more spherical four-jet like event topologies.
For the semi-leptonic decay channel the undetected neutrino result in lower invariant
mass of the remaining system like the radiative Z
0
-events, but in general the direction
of the missing momentum can be anywhere for the semi-leptonic events while the ISR
photon is strongly forward peaked, resulting in missing longitudinal momentum but no
missing transverse momentum. The multiplicity and jet-topology of semi-leptonic events
resemble that of qq events, but here the very high energetic lepton from the leptonic W




events, although leptons from leptonic heavy avour decays
can mimic this too. Another important background to this channel come from the semi-
leptonic events with a  decaying leptonically. As the leptonic branching ratio for  's is









events come from two-photon processes, \-"
events identied by low mass hadronic systems and low transverse momentum. The typical
cross section for these types of processes depend strongly on possible cuts and whether
the scattered initial electron/positron is required to be detected, and range from 30 to 50
pb and 1 to 4 pb for the undetected and detected case, respectively [63].
6.3 Data selection




events of interest to this analysis is based upon a series of




events. The purpose of the dierent









events. The construction of a set of appropriate
cuts rely completely on studies of Monte Carlo samples in order to single out the physical
properties of an signal event which is not present for an background event. The descrip-
tion of the various Monte Carlo datasets used throughout this analysis can be found in
appendix B.
Depending on the subsequent analysis of the selected events certain types of cuts may
be inappropriate as they could inuence the resulting data-sample and introduce system-
atic eects on the quantities to be determined. Obviously, the nal set of cuts is a balance
between the desire to lower the systematic eects from the background and the attempt
to maintain the full signal sensitivity. In this particular analysis, the determination of the
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TGCs utilise the full ve-dimensional angular distributions and consequently any cut in
distributions related to internal angular variables, either explicit or implicit, represent a
potential source of bias in the nal result, and should therefore, if possible, be avoided.




events belongs to this class of cuts.
6.3.1 Initial Requirements
The rst event selection criteria are based on event classication and the requirements that
the detector condition, at the time of measuring, should be good. According to this all
runs are classied as \perfect" or \maybe" depending of the overall state of the detector.
A run is considered to be \perfect" if the detector and all the subdetectors are in a general
good condition, whereas \maybe" signies that some of the subdetectors malfunctioned
during the run, but still the run can be used for specic studies that do not utilise the
aected subdetectors. Furthermore each event can be classied in the same way using a
set of variables that species the status of the dierent subdetectors when that particular
event was measured.
In accordance with the ALEPH event class 16 and the requirement that the general de-
tector condition are perfect, the events are preselected from data. The event classication
groups the events with respect to the dierent event classes and restricts background from
other types of events. The event class 16 requirements constitute a minimum set of cuts to
ensure that the event is well detected and is based entirely on charged tracks measured by
the TPC. To be a good track, a track must be well contained in the detector, come from
an area near the interaction region, and have well-determined momentum, more precisely,
Denition of a good track:
T.1 a minimum of four TPC space points is used to dene the track,
T.2 the track originates from a cylindrical volume dened by d
0
< 2 cm and z
0
< 10 cm,
centred at the nominal collision point, where d
0
is the distance of closest approach
to the z axis and z
0
is the corresponding z coordinate,
T.3 the polar angle of the track, , must satisfy j cos j < 0:95.
Based on these \good" tracks events are preselected by requiring
E.1 at least ve charged tracks passing the above track requirements per event,
E.2 the total charged energy, E
ch






These cuts reduce the number of beam-gas, beam-beampipe, cosmic ray and leptonic
events entering the data set.
The preselected events then enter an energy ow reconstruction algorithm, described
in the next section.
6.3.2 Energy Flow Analysis
In hadronic events approximately most of the total energy is carried by charged particles.
Consequently, almost half of the valuable kinematic information of the event is lost if
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calorimetric information is ignored. Since the information about momentum, energy and
jet direction is essential for this analysis, we utilise a high level energy ow reconstruction
algorithm which has been developed in ALEPH [2] making extensive use of most of the
ALEPH subdetectors. In particular this algorithm takes advantage of the redundancy
of energy and momentum measurements in the various subdetectors, and of the photon,
electron and muon identication capabilities, arising from the high segmentation of the
calorimeters.
For each event, the magnitude and direction of the energy ow are reconstructed using
the following charged tracks and calorimeter clusters:
 accepted charged tracks (previous section) are counted as charged energy;
 V
0
's (long lived neutral particles decaying into two oppositely-charged particles) are
accepted and counted as V
0
-energy provided that they point to the interaction vertex
within the same tolerances as for \good" charged particle tracks;
 photons identied in the electromagnetic calorimeter are counted as neutral electro-
magnetic energy;
 the remaining neutral energy is determined as follows from the calorimeter clusters.
For a given cluster let E
e
be the energy in the electromagnetic calorimeter not
attributed photons or electrons, E
h
be the energy in the hadron calorimeter not
attributed to muons, and E
c
be the energy of the charged tracks, if any, topologically













is counted as neutral energy if signicantly positive (more than 500 MeV). Here r is
the ratio of the responses for electrons and pions in the electromagnetic calorimeter
(r  1:3).
When dealing with the calorimeters, known noisy channels are masked out and the
redundant measurements in the dierent calorimeters are used to smooth occasional noise.
Applying this energy ow algorithm to hadronic Z
0
events at LEP1, the mean value of
the reconstructed energies for hadronic events was found to be  89 GeV with a resolution
of 8 GeV corresponding to 9% of the visible energy [2].
The resulting energy ow information, referred to as charged and neutral objects or
just energy ow objects, is used in the further selection. Until now the selection criteria





succeeding cuts reect the specic event topologies and will be described separately. In
table 6.2 and table 6.3 the number of events remaining after the initial cleaning steps are




Monte Carlo sample, various background






At this point the main part of the background from di-lepton events has eciently been
removed by the initial cuts, except for some residual contamination from high multiplicity
 decays, which is easily removed by a more strict demand on the multiplicity. The
remaining cuts introduced in this section therefore strive at reducing the overwhelming
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Figure 6.1: Distributions of the transverse momentum and total visible mass used in the




events. The histograms are normalised to an integrated
luminosity of L = 100 pb
 1
. The employed cuts on transverse momentum and visible
mass are indicated by the vertical lines.
background from hadronic Z
0
-events. The majority of the hadronic Z
0
-events aected by
hard ISR can be discarded by cuts on missing transverse and longitudinal momentum and
high energy 's in the detector. At this stage an event is accepted provided it fulls the
following requirements
SE.1 At least 8 good tracks in the event,
SE.2 Moderate visible mass, 80 GeV < M
visible
< 140 GeV,
SE.3 Not to large longitudinal momentum imbalance, jp
z
j < 45 GeV,
SE.4 Substantial missing transverse momentum, p
T
> 15 GeV,
SE.5 No energetic clusters with E >10 GeV in the forward luminosity calorimeters,
SE.6 No isolated (more than 150 mrad to nearest charged track) objects in ECAL with
E >10 GeV.
The cuts SE.5 and SE.6 aim at rejecting the background from radiative Z
0
-events where
the emitted  goes in the detector. The eect of the cuts SE.2 and SE.4, which have the
strongest impact on the background, can be seen in gure 6.1.
The remaining events are then subjected to a search for leptons using the standard
ALEPH requirements based on calorimeter information and dE=dx measurements.
Lepton Identication
The lepton identication for electrons/positrons is done partly by the electromagnetic
calorimeters and partly by the detailed measurements of the energy loss due to ionisation.
In the electromagnetic calorimeter the identication is based on the characteristic
stopping of the light electrons in contrast to the heavier 's and hadrons which are largely




, which are constructed from
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the calorimetric information and represent a measure of the transverse and longitudinal
energy deposit in the electromagnetic shower of a particle.
The electron estimator R
T
measures the compactness of the electromagnetic cluster
















denoting the energy deposit in the 4 closest storeys surrounding the point of
penetration of a track extrapolated from the TPC and p is the measured momentum of
the charged track in the TPC. The ratio, E
4
=p, represent the energy fraction deposited by
the charged particle, and its mean value hE
4
=pi is about 0.85 for an electron in the barrel




, on the ratio is strongly correlated to the energy resolution
of ECAL below 25 GeV and dominated by the resolution in the TPC above 25 GeV.
The other electron estimator, R
L
, expressing the longitudinal energy deposit in the
calorimeter is derived by tting the shape of the measured shower with a standard shower















is the inverse mean position of the longitudinal energy deposition of the shower




















as the mean depth of the energy deposition in the j'th stack.
Finally, the large TPC of ALEPH makes it possible to get very precise measurements
of the ionisation energy loss,
dE
dx
, of a charged particle traversing the gas-medium. The
energy loss is described by the Bethe-Bloch formula and is strongly dependent on the mass
of the particle. By comparing the measured
dE
dx






the ionisation estimator, R
I
















By construction all three estimators are normally distributed for electrons. Based on
these three estimators a charged track is identied as an electron if













reect that muons and hadrons are expected to deposit
much lower energy than the electrons therefore giving large negative values in these es-
timators. For high energy electrons the estimators calculated from the calorimeter are
slightly shifted with respect to their expected mean values, yielding an increased ine-
ciency. However, since the leptons from W's in general have considerable higher energies
than other tracks we impose less strict requirements for high energy tracks with more than
15 GeV and this also compensates for this eect,
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Eciency Purity Eciency for `qq
Electrons 84.39  0.54% 95.26  0.34% 94.67  0.62%
Muons 99.46  0.19% 95.80  0.51% 97.51  0.42%
Table 6.1: Eciencies and purities for the electron and muon identication requirements
for \good" tracks with available lepton identication information. The eciencies for
leptons originating from a W are also shown. The main reason for the loss of electrons
from W's is due to electrons that punch through the electromagnetic calorimeter.
L.1' R
L





>  4:0 for R
L
> 0:0,
L.2" In the intermediate region of L.1' and L.2' an interpolation is done between the
borders of the two regions.
L.4 No associated energy in the hadron calorimeter.
Having identied electron candidates it is checked that they do not come from photon




. If that is the case they are not accepted as electrons, and further-
more a  is constructed as the sum of the two tracks from the conversion. The eciency
of the electron identication on electrons from decaying W's can be found in table 6.1.
Initially the identication of muons has a high eciency and purity due to the very
distinct signature. In ALEPH, identication of muons is based on an extrapolation of
a track in the TPC through HCAL, which, by use of the digital readout serves as an
additional tracking detector, and nally into the muon chambers.
A dedicated muon identication package, QMUIDO, exploits the information from the
dierent subdetectors to do a matching of the dierent track-segments. Based on a likeli-
hood estimate for the matching of a track to be a muon the package either rejects a tracks
or, depending on which subdetectors have been triggered, returns a muon identication
ag. The ag can take the following values:
 = 0 not a muon;
 = 1 if agged a muon by only HCAL;
 = 2 if agged a muon by only the muon chambers;
 = 3 if agged a muon by both HCAL and the muon chambers;
 = 10 if the track has a hit in each layer of the muon chambers but fails tight matching
to the muon hypothesis;
 = 11 if the track produced a good hit pattern in HCAL;
 = 12 if the track has one and only one good hit in the muon chambers;
 = 13 if the track produced a good hit pattern in HCAL and has one and only one
good hit in the muon chambers;
 = 14 if the track produced a good hit pattern in HCAL and has one hit in each layer
of the muon chambers;
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events. The histograms are normalised to an integrated luminosity
of L = 100 pb
 1
. The employed cuts are indicated by the vertical lines.
 = 15 if the track has a hit in each layer of the muon chambers and passes tight
matching to the muon hypothesis.
As we are only interested in high energy muons from W 's the muon identication is only
applied to tracks with an energy larger than 15 GeV. To be accepted as a muon it is
required that QMUIDO returns a value of
L.5 Flag = 3, 10, 11, 12, 13, 14 or 15
for the candidate track. The return value 11 is included in order not to be aected by
occasional drop-out of the muon chambers. The purities and eciencies for the muon
identication is shown in table 6.1.
After the lepton identication phase an event is accepted it has one identied energetic
lepton, electron or muon, with





SE.8 The lepton should not be too close to other tracks, that is, the angle to the closest
track, 
iso
, should be 
iso
> 50 mrad.
where electromagnetic energy in a cone of 35 mrad around the lepton has be added to the
track energy to account for nal state radiation. The inclusion of possible nal state 's
improves the energy resolution by 22% for leptons fromW 's primarily by reducing the tail
due to high energy FSR. The lepton isolation cut SE.8 is very eective in discriminating
between leptons from heavy avour decays and leptons from W's. However, such a cut
must be employed with caution as it is connected to the angular orientation of the W's





sample. The eects of the cuts SE.7 and SE.8 are shown in gure 6.2.
As can be seen from table 6.2 the necessary condition that one lepton is present leads
to a loss of signal events. This is partly due to problematic photon conversions and partly
caused by the lepton escaping dectection or the detection do not provide the information
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needed for the lepton identication. More rened lepton identication methods have been
developed [52] but not yet tested thoroughly in high multiplicity events. The ineciency
in the detection of electrons fromW 's due to mis-identied conversions, arise in situations
where one electron or positron from a conversion of a collinear FSR photon is undetected
and the other lepton is combined with the original lepton as a conversion.
At this stage in the event selection the majority of the surviving background events are
hadronic events with a high energy lepton from a heavy avour decay. A further reduction
in the number of these events is accomplished by concentrating on the remaining hadronic






j < 40 GeV,
The eect on the background-, the signal- and the real data-samples from the various
cuts introduced can be read of from table 6.2. The remaining events nally enter in a






Background rejection in the hadronic channel it somewhat more complicated than for the
semi-leptonic case, because there is no high energy charged lepton to distinguish a W .
The selection criteria at this stage therefore focus on removing the radiative Z
0
-events by





event it is necessary to have
HE.1 At least 15 good tracks in the event,
HE.2 High visible mass, M
visible
> 130 GeV,
HE.3 No energetic clusters with E >10 GeV in the forward luminosity calorimeters,
HE.4 No isolated (more than 150 mrad to nearest charged track) objects in ECAL with
E >10 GeV,
HE.5 A thrust smaller than 0.94.
The cut HE.1 originates from the fact that we have two hadronically decaying W's and
therefore the events are expected to almost twice as high multiplicity compared to Z
0
-
events. The cuts HE.2 - HE.4 remove events with large missing energy and momentum or
with detected energetic ISR photons. As can be seen from table 6.3, where the eciencies
of the cuts are shown, it is clear that the background contamination still is unacceptable.
It is possible to reduce the background considerably be applying cuts on thrust or, equiv-
alently, sphericity, but, recalling the previous discussion, such cuts reduce the allowed
angular region in a non-trivial way, and therefore we have imposed a rather loose cut on
thrust. Instead further rejection of the background can be achieved by application of ad-





events their distributions are shown in gure 6.3.
6.4. JET ANALYSIS 83





events. The histograms are normalised to an integrated luminosity of L = 100
pb
 1
. The employed cuts are indicated by the vertical lines.
6.4 Jet Analysis
The fundamental idea of this analysis, to determine the kinematical structure of the par-
tons through a measurement of the jets, relies solely on the assumption that the jets in
an event strongly reect the original parton conguration of the event. Obviously this
connection is aected by the denition of the jets and subsequently by the methods used
to nd the jets. In this section dierent aspects of the jets will be discussed as we review
the dierent denitions of \jet measures" and jet nding algorithms used to establish the
connection between the jets and the partons.
6.4.1 Jet Denition
Qualitatively a jet can be dened as a collection of hadrons moving in the approximate
same direction, originating from the decay/fragmentation of a \hard" parton, which is
initially isolated in momentum space. Since we do not understand fragmentation in very
high detail it is impossible to describe the exact evolution of a parton into a jet, but
within the framework of QCD some explanation as to why the hadrons are formed roughly
collinear with the original parton can be found. The answer is the connement property
of QCD: As a high energetic quark or gluon, produced by some process, tries to penetrate
the vacuum the increasing strength of the colour eld polarises the vacuum and creates
a series of quark-antiquark pairs, which combine into a narrow jet of hadrons around the
original parton direction. The sum of the four-momenta of the hadrons is generally referred
to as the four-momentum of the jet, which then is considered to be a \pseudo-particle"
representing the initiating quark. The average transverse momentum of the hadrons with
respect to the jet axis depends very little on the longitudinal energy of the hadrons and is
of the order 250 MeV, a value indicating a strong connection with 
QCD
and shows that
higher energies result in more narrow and well-dened jets.
Quantitatively and practically jets are dened and determined in accordance with
some resolution criteria and jet algorithms by which the hadrons are combined into jets.
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Naturally the actual denition of a jet strongly depends on which hadrons are chosen to
form the jet and how they they are combined into the jet. Consequently it is necessary
to evaluate the dierent algorithms and use the one which best reconstructs the original
parton conguration. These studies are all performed by comparing the jets found at
dierent levels in Monte Carlo simulated data, that means, parton level, where we just
identify the partons as jets, and the detector level described by the energy ow objects.
Ideally we would like is to nd a jet algorithm that is independent of both fragmentation
and detector deciencies.
6.4.2 Jet Algorithms





are based on \successive combination" jet algorithms, originally introduced by the JADE
collaboration [26]. All such algorithms are iterative, beginning with a list of jets that are
just the objects considered. At each stage of the iteration, two jets, or pseudo-particles,
i and j are considered as candidates for combination into a single jet according to the
value of a suitable chosen variable (angle, transverse momentum, or invariant mass). The
pair i; j with the smallest value is combined. These variables are referred to as the metric
or resolution of the jet algorithm. The dierent methods to determine which objects to
combine all reect the assumption that objects separated by small angles or having low
momentum with respect to each other belong to the same jet.
The two selected jets are then combined into a pseudo-particle or \cluster". After this
joining, the original jets are replaced by the pseudo-particle, and a search for a new pair is
performed on the reduced list of jets. The four-momentum of the new jet is determined by
some combination formula, called the combination scheme of the algorithm. The choice
of metric and combination scheme is almost independent.
The iterative process continues until desired number of jets is reached or the minimal
resolution between all pairs of jets is larger than a preset cuto, y
cut
. In this way, each
event can be classied as a two-, three-, four-,. . . jet events, depending on the chosen cuto.
The aim of the following sections is to nd the optimal jet algorithm.
Resolution Parameters of the Jet Algorithms.
In the following a review of the most popular jet algorithms is provided. In the literature
the name of the dierent jet algorithms signies both the resolution parameter and the
combination scheme, despite that these are, to a large extend, independent. Here the name
of the various metrics refers to the name of the corresponding jet algorithm, disregarding
the choice of combination scheme.
In general the dierent metrics can be divided into two classes:















In the literature this metric is known as the E metric, referring to combina-
tion scheme frequently used. The metric was the rst one used in jet analysis
and is just the scaled Lorentz invariant mass between two objects i and j. In
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connection with the E combination scheme this metric forms an exact jet al-
gorithm, however, as there are substantial corrections to the formula when the
particles are massive (as the jet algorithms proceed the generation of mass is
inevitable), the metric suers large hadronisation corrections (30%), yielding a
poor angular and jet energy resolution, as we shall see later.















The JADE metric is an extension of the YCLUS metric which is, to a large
extend, mass independent. Consequently, jet algorithms using this metric have
smaller hadronisation corrections (5-8%) and give better jet multiplicity results,
and, hence, an improved reproduction of the original parton conguration. The
main problem of both the JADE and the YCLUS metric is that, as they are both
invariant mass type metrics, they do not handle soft gluon emission correctly.
For instance, consider two soft gluons i and j, they will have a very small value
of y
ij
even if their directions are not close, and the iterative algorithm will
combine the soft gluon with each other rst, rather than rst trying to combine
the soft gluons with the high energy particles. The result can be an \articial"
jet made of soft particles, which introduce large higher order eects. The eect
of this feature is slightly reduced in the massless case, but none of the metrics
are ideal. Nevertheless these invariant type metrics are known to give a good
correspondence between the parton/jet multiplicities.






















The DURHAM metric, which is rather new, is based on the relative transverse
momenta of the objects i and j, as the numerator in Equation 6.7 is the same as
the transverse momentum squared of the lower energy object with respect to the
direction of the higher energy object in the small-angle limit. However, the form
of the DURHAMmetric shows that the transverse momentummeasure has been








), and hence, the
metric incorporates both the invariant mass and the transverse momentum of
the objects. However, with this type of metric a soft gluon will only be combined
with another soft gluon, instead of being combined with a high energy parton,
if the angle between the two gluons is smaller than the angle between the gluon






















The GENEVA metric is an invariant mass type metric depending only on the
momenta of the particles considered and not, as the other metrics, on the energy






acts as a repulsive
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potential counteracting the problem of soft gluon combination arising in the
JADE metric. The factor 8=9 is provided so that the maximum value of y
cut
for which three-jet events can still be obtained from three partons is y
cut
= 1=3,
as it is for the JADE and DURHAM metrics.
2. Transverse momentum type metrics



















Where the DURHAM metric is the scaled relative transverse momentum of a
low energy object with respect to a higher energy object, the LUND metric
is based on the transverse momentum of the objects with respect to the com-






. The corresponding algorithm forms
jets starting with the fastest object in the event, and assigns all objects with
transverse momentum less than some value to that jet. It then takes the second
fastest object not assigned to a jet as a new jet initiator etc. It is generally
believed that the LUND algorithm is less accurate in the reproduction of par-
ton/jet multiplicities, but since it starts clustering with the high momentum
objects it gives a high angular and jet energy resolution. It is therefore likely
to be a better metric for four-jet studies.




























The PTCLUS algorithm is not based on a special metric, instead this algorithm
combines the advantages of parton/jet multiplicity reproduction by JADE and
the high angular and jet energy resolution of the transverse momentum metrics.





considered, and the nal is the JADE metric.
Both types of jet algorithms have advantages and drawbacks. The invariant mass type
algorithms are generally known to give good parton/jet multiplicities but less accurate en-
ergy and angular determination, whereas the transverse momentum based algorithms have
a high energy and angular resolution but do not reproduce the parton/jet multiplicities
so well, see reference [31].
In addition to the particular choice of jet resolution parameter, one can also inuence
the jet construction by the choice of combination scheme. In the iterative process of the
jet algorithms the merging of objects into \pseudo-objects" by summing the four-vectors,
results in the generation of massive jets. Depending on the subsequent analysis it could be
preferable to use combination schemes which yield strictly massless jets, but this requires
a violation of either energy or momentum conservation. In this analysis we use the four-
vector combination scheme, often referred to as the E-scheme, because it is fully Lorentz
invariant. As a result the jet construction generates massive jets, but this is taken into
account in the nal global event reconstruction.
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Choice of Jet Algorithm
The choice of jet algorithm varies between the dierent types of analyses, and depends on
the specic quantities that are needed for an analysis.
In this analysis we are interested in a jet algorithm which is independent of hadroni-
sation, ensuring the optimal correspondence between the parton and detector level of an





Monte Carlo events from a sample of 10000 events. Information on the
sample can be found in appendix B.
In order to select the best suited jet-algorithm, a set of criteria has been introduced to
monitor the performance of the individual jet algorithms. As the most apparent problem in




event the jet algorithms
are tested on those events. The selection criteria requires a comparison of parton and
detector level, which is complicated as there do not exist a one-to-one correspondence
between the two levels of simulation. Here we perform a matching of the constructed jet













which is inspired by a 
2
, with respect to the n = 1; : : : ; 24 quark-jet combinations. The
sum is over the four jets and the superscript n on the quark refer to that it is the n'th





), there is many possible
choices, for instance, the angle between the quark and the jet, the transverse momentum
between the two or the invariant mass. In general the particular choice of resolution
function has only minor eects on the matching and to a large extent the three resolution
functions mentioned here yield identical results. The use of equation 6.11 and not a true

2
function does not inuence the actual matching, but as a result we have no quality ag
for the matching to possibly discard the worst cases. On the other hand we want to test
the jet algorithms also in the case were the matching is poor and therefore do not need
a quality ag. In this study we have chosen to use the JADE denition of the invariant
mass as resolution function.
For the selected quark-jet association we then express the momentum and direction of






































are two orthogonal unit vectors chosen
randomly in the transverse plane of the jet. The resolution and possible oset in these
parameters can then be used to compare the jet algorithms on equal terms. In gure 6.4
and gure 6.5 the distributions of a and b can be found for the jet algorithms under con-
sideration. Obviously the parameters b and c by construction have identical distributions
and we therefore only use the parameter b.
It is immediate clear from the plots in gure 6.4 and gure 6.5, where the corresponding
estimates of the resolution and mean are included, that all jet algorithms are very similar
in performance, although two jet algorithms distinguish themselves as compared to the
rest. The GENEVA algorithm has the smallest shift away from unity in the a parameter
indicating that it has very a small bias when reconstructing the original parton energies,
however its resolution is much worse than the other jet algorithms. The LUCLUS cluster
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algorithm, on the other hand, has a smaller resolution in the transverse parameter and
therefore has a better angular reconstruction, as already expected.
Another, more obvious, requirement for this analysis, somewhat related to the param-
eters above, is that the chosen jet algorithm should be good in reconstructing the original
W production angle. In gure 6.6 the dierence in the reconstructed production angle
with respect the true, measured in the laboratory frame, is plotted for the dierent jet
algorithms. The reconstructed angle has been calculated using the two jets matched to
the original quarks from the W
 
decay. From the plots in it is evident that the LUCLUS
algorithm has the best resolution and the smallest bias in the reconstruction of the W
production angle, and therefore it appears to be the best choice.
The smaller bias in the energy resolution for the PTCLUS algorithm is not vital for the
reconstruction since the nal kinetic t employed to correct for, among other things, jet
resolution eects, is far better to correct energies than angles and it is therefore desirable
to have the best starting point for the angles.
6.4.3 Jet Selection
The second last step in the event selection procedure consists of the jet construction. At





events, of the accepted events enters the LUCLUS jet algorithm. Depending on
the event type to be selected, the event is clustered down to exactly two or four jets,
according to semi-leptonic or hadronic events, respectively. To ensure that the resulting
jets are well reconstructed and originate from W's it is demanded that
J.1 Each jet consists of minimum 5 energy ow objects,




events we require that the energy of a jet must lie between
20 GeV < E
jet
< 60 GeV:















), of the four jets should be greater than Y
34
> 0:01.
JS.1 For an semi-leptonic event the energy of a jet must be larger than 15 GeV.




events the cut J.1 results in a substantial reduction of the
background from hadronic Z
0
-events. The reason for this is the very two-jet longitudi-
nal topology of these events, which result in low multiplicity jets primarily consisting of
\residual" objects. Hard gluon radiation modify this, but here the cut on the jet energy





to avoid events where a large fraction of the particles has been assigned to the wrong jets.
The cut JH.2 belongs to the same class of \angular" cuts as thrust and sphericity and is
therefore considerable weaker than what is normal in typical four jet selections ( 0:03).
In table 6.2 and table 6.3 the eciencies for the jet criteria are shown for dierent event
samples.
Events passing all selection criteria up to this point is then used in a high level global
event kinematic t in order to correct for detector and fragmentation eects. In addition,
the kinematic t returns a quality ag for how well the event is reconstructed, which forms
the last complex event selection criterion.
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Figure 6.4: The distribution of the longitudinal scale parameter, a, for the various jet
algorithms. All the jet-algorithms yield very comparable results.
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Figure 6.5: Plots of the distribution of the transverse scale parameter, b, for the various
jet algorithms. The LUCLUS jet-algorithm has a slightly better resolution than the other
jet-algorithms.
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Figure 6.6: Plots of the dierence between the W production angle at parton level and
reconstructed detector level in the laboratory frame for the dierent jet algorithms. It is
seen that the LUCLUS jet-algorithm has a signicantly better angular resolution than the
other jet-algorithms.
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6.5 Kinematic Fitting
The events selected so far are, with a reasonable purity, expected to originate from semi-




events. There are, however, still problems attached with the
use of the events in a determination of the TGC, for instance, the missing neutrino for
the semi-leptonic events or badly measured events. The missing neutrino in the semi-
leptonic events could easily be reconstructed from the missing momentum, but it would
then severely depend on measurement eects and particles escaping detection. Likewise
the construction of jets will result in a smearing of the original quark energies and direction
and will introduce correlations between the reconstructed jets, aecting both semi-leptonic




events. Finally, the nite energy resolution of the
detector combined with the loss of particles in the beam pipe or due to cracks, imply that
the events does not full energy-momentum conservation.
In order to correct for all these eects and somehow translate the measured jets and
leptons into the underlying quarks and leptons from the W's, the events are subjected
to a kinematical t which turns out to be a powerful technique and in addition provide
a useful background rejection criterion. The method of kinematic tting or constrained
tting, depending on the parametrisation, is described in the following.
6.5.1 Simple Rescaling
As a naive starting point for a method to improve the measured energies of the recon-
structed objects in an event one could use a simple rescaling method, where the energies
are rescaled to fulll momentum and energy conservation. In this method the directions





















assuming massless objects. The drawback of this idea is that the input directions of the
objects to be corrected are assumed correct, which certainly is not the case for jets. Fur-
thermore, the rescaled energies could become negative, especially for very planar events,
indicating that the method is not reliable in general.
Slightly more rened methods applicable to the semi-leptonic events can be constructed
taking into consideration that the two individual W decays each take half of the available
centre of mass, or that the reconstructed neutrino from the missing momentum must be
massless. These assumptions results in two solutions, and one can choose the solution
closest to the W mass, however, still the measured directions is xed.
6.5.2 Constrained Fit
In the light of the previous considerations a more general method, where all measured
quantities are allowed to vary, are has been developed, which performs a kinematic t to
the event subject to a set of constraints.
The basic idea of the constrained t to construct a function, 
2
, which measures the
prize that it \costs" a certain event to fulll a number of required constraints and then
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minimise the function while preserving the constraints. As immediate examples on possible
constraints is the the usual requirement of energy and momentum conservation. There
are three main ingredients important in a constrained t,
 the particular form of the 
2
function;
 the types of constraints;
 the actual choice of parametrisation of the problem, that is, how the parameters ~y
should be dened in terms of the measured variables.
Simply using the determined momenta and energies as variables is not appropriate since
their deviation from the underlying quark and lepton values is by far Gaussian distributed,
and that is vital for the convergence of the t and to allow the interpretation of a 
2
.
Furthermore, depending on the specic problem one could also choose parameters which
appropriately ensures automatic satisfaction of the constraints. Assuming energy and




event, and a suitable
choice could be: The W production angles, the W decay angles and the masses of the two
W's.
There exist various procedures for minimising a function subject to constraints. One













 is the Lagrange multipliers and
~
f(~y) is a vector containing the constraints written




0. In this notation the problem of minimising
S(~y;
~














Provided that the function to be minimised is well behaved and do not posses very strong
peaking structures it is possible to construct a fast iterative procedure to nd the minimum,
by means of a linearisation of the function along the lines of the method by Newton-
Raphson.
Here we are interested in a parametrisation where the 
2
is quadratic in the parameters
and the function to be minimised has the form
S(~y; x;
~













where V is the error matrix and ~y
0
is the expectation value of the tted variables ~y. For
convenience we have also introduced an additional function g(x), which only depend on
a scalar variable, in addition to the quadratic 
2
term. At this point this function can
be anything but later it will represent a penalty function, which, following the likelihood
concept, takes the form  2ln(p(x)). Here, p(x) is a probability distribution function




In principle one could avoid the introduction of a scalar variable, x, by substituting the full expression
for x as function of ~y into p(x), however the trick of using a constraint to do this results in better convergence
and is simpler to implement.








































































































The function g(x) must be Taylor expanded to 2'nd order to be included in the minimisa-
tion. Substituting equation 6.18 into equation 6.16 we get a set of linear equations for the




. After some algebra























































































































































P is a vector with the momentum components of all the objects involved.
Inclusion of ISR and Breit-Wigners
By use of the function g(x) introduced in equation 6.17 it is straightforward to take into
account initial state radiation and Breit-Wigner mass distributions in the constrained t.
Assuming that ISR can be considered as collinear with the z-axis, which, to a rst
approximation is a valid assumption, the inclusion of ISR in the t can be accomplished














) =  2 ln(F (P

)); (6.25)
where the function F (P

) is the probability distribution of ISR as function of the photon






















) 1) is smaller than unity. Obviously the probability
distribution has a pole when x = 0 in the soft photon limit and if used without precaution
in the t it will have no eect since the t will prefer to have P

= 0. One could instead
introduce a cuto to avoid the pole since the presence of very low energy photons cannot
be separated from measurement errors. However, it is important to choose the cuto such
that the contribution from the likelihood term equation 6.25 is comparable to the other
terms in S, otherwise the eect of the pole remain dominant. Another way around the









in the likelihood term. With this formulation the pole becomes a rst order eect and
no longer dominate. However, the presence of the pole tend to make the t unstable as
the photon energy becomes small, indicating that the t cannot distinguish whether the
observed P
z
imbalance is due to an ISR photon or measurement errors. Fortunately, it is







Finally, the use of the probability distribution in equation 6.27 leads to an ambiguity in the
direction of the emitted photon. This can be solved by performing two ts: one assuming
that the photon went in the forward direction and one assuming the opposite, and then
choose the best t. As seen in [36, 11] this method is capable of resolving photons with
energy down to about 3 GeV. At 161 GeV the average photon energy is below 1 GeV
and it is therefore not expected that the inclusion of ISR gives any improvement and
consequently it is not considered in this analysis. However, at higher energies the eects
from ISR will increase signicantly and must be included.
Similar to the treatment of ISR it could be desirable to allow for Breit-Wigner mass
distributions of objects, for instance, a pair of jets expected to originate from a W. This





for objects i and j (6.28)

























which is the usual relativistic Breit-Wigner form. As the Breit-Wigner distribution is
changing very rapidly close to the resonance mass the implementation requires a change










], in order to ensure convergence of the
t. More sophisticated implementations of Breit-Wigners, including phasespace eects,
can easily be introduced in this manner. In the following the impact from the use of a
Breit-Wigner mass distribution in the constrained t will be studied.
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with the objective of improving the resolution on the measured parameters and provide
the last nal selection criterion.
Before we can use the constrained t it is necessary to determine a suitable parametri-
sation of the jet momenta so that the parameters have distributions close to a Gaussian.
To allow full freedom for a jet in the constrained t, three parameters are needed, in
total 12 parameters for a four jet event. Naively one could use the jet energy and angles,
but the requirement that the parameters must be Gaussian distributed leaves very few
possibilities. Inspired by the Gaussian nature of the energy resolution of the detectors, we













































are determined from the measured jet momentum













































































In order not to be inuenced by the articial jet masses generated by the jet algorithm
















as though it is massless.
The expectation values and resolutions of the parameters can be extracted from Monte
Carlo studies by matching the measured jet topology to the underlying quark conguration
and subsequently t the resulting distributions of the calculated parameters. Distributions
of the a and b parameters can be found in section 6.4.2 for dierent jet algorithms. In the
central region the parameters are, to a good approximation, Gaussian distributed, and the
additional tails are due to events with highly correlated jets, which we are not interested
in tting.









under the assumption that the dierent parameters are uncorrelated. This is a somewhat
naive approach as we expect detector eects, fragmentation and the way particles are
associated to jets will introduce correlations between the jets, but a quantitative determi-
nation of the o-diagonal elements in the error matrix require very extensive studies and
presently no well-justied method exists.
Until this point we have not discussed the possible dependency of the measured jet
topology on the parameters. Clearly, the eciency and resolution of the dierent subde-
tectors in ALEPH is not isotropic and furthermore, there are cracks and large holes in
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the forward and backward region where particles can escape detection. Consequently we
anticipate the parameters to vary as function of the energy and the angle with respect
to the beam of the measured jets and the dependency should be more pronounced in the
forward and backward regions. In the forward and backward regions the energies of the
measured jets are expected to be smaller due to loss of particles. Likewise it is foreseen
that jets very close to the beam axis tend to be pushed away from the beam and into the





, is such that it always has a positive
z-component and therefore will be aected by these shifts away from the beam axis, which
has opposite sign in the forward and backward regions. To account for these eects the
parameters are taken to be functions of the measured jet energies and polar angle and
they are determined in suitable intervals in energy and polar angle. In gure 6.7 the
expectation value and resolution of the a and c parameters have been plotted as function
of the angle with respect to the beam for various energies. The anticipated behaviour
is evident. To investigate the improvement on the reconstructed W production angle by
using energy and polar angle dependent parameters as opposed to constant parameters, a
simple constrained t with imposed constraints from energy and momentum conservation
has been done for the two situations. The resulting distributions in gure 6.8 for the dier-
ence between the reconstructed W production angle and the true, shows an improvement
when topology dependent parameters are used. In addition to the improved resolution on
the W production angle the use of topology dependent parameters also results in a sub-
stantial increase in the events accepted by the constrained t ( 20%) due to the better
description of detector eects.
The nal decision required before the constrained t can be done is the choice of
constraints to be imposed. Several possibilities exists; in this analysis we concentrate on
three dierent levels in complexity of the constrained t:
1. a t with the usual 4 energy-momentum constraints (4C),
2. as 1) with the additional constraint that the two di-jet masses are equal (5C),
3. as 1) but a Breit-Wigner term is included in the 
2
for each of the di-jet masses in
combination with an appropriate phasespace factor for the W pair production (6C').
The inclusion of the Breit-Wigner terms and the phasespace factor in the 
2
for 3) resemble
constraints with the two di-jet masses being equal to M
W
, but the reconstructed masses
are allowed to uctuate around M
W
to account for nite width. Both 2) and 3) impose
requirements on the reconstructed events from assumptions on the underlying physics
process | W pair production. Consequently the use of the 
2
from these ts is more
eective in rejecting events that do not originate from, or are inconsistent with, W pair
production.




events we have no knowledge of which jets belongs to
a given W and therefore three ts, corresponding to the three possible partitions of the
four jets into two di-jet pairs, are performed for each event. For the 5C and 6C' ts
the additional constraints imply that the various di-jet combinations will have dierent
values of the 
2
and this information can be employed to distinguish between the dierent
solutions and choose the combination with the best 
2
. For the 4C t this is not possible
as all three combinations give the same 
2
. In order to compare the dierent constrained
ts on equal terms appropriate Breit-Wigner terms and a phasespace factor is added to
the 
2
from the 4C and 5C ts and the combination with the lowest 
2
is chosen. It
should be stressed, however, that for all three types of constrained t, this procedure for
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Figure 6.7: Expectation values and resolutions of the constrained t parameters a and c
as function of the polar angles and the energies of the jets. The bin-size in the polar angle
has been chosen so that there are roughly an equal number of jets in each bin.
identifying the correct di-jet combination is by far perfect and yield wrong combinations
in about 13% of the cases at 161 GeV. At higher energies the boost of the W's improves
the pairing and at 176 GeV the constrained t fail to choose to right pairing in about
9.5% of the events.
In gure 6.9 the distribution of the parameter a is shown for the dierent constrained
ts and for case where no t has been applied. Evidently, the use of a constrained t
improves the energy resolution of the jets. Furthermore, the increasing use of constraints in
the t improves the energy resolution and the 6C' t gives the best resolution. Similar the
plots of the dierence between the reconstructed W production angle and the true, shown
in gure 6.10, indicate that the angular resolution also is improved. The improvement
in the angular parameters b and c is negligible and the explanation for this behaviour
is that the satisfaction of the usual energy and momentum conservation is most easily
accomplished by a change of the reconstructed energy, like the simple case of rescaling,
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Figure 6.8: The dierence between the reconstructed W production angle and the true
production angle after a constrained t with constant parameters (left) and topology




hadronic sample is identical in the two cases
so that the dierence in the number of events accepted by the two dierent constrained
ts is not included.
than a change in the reconstructed direction of the jets.
Under the assumption that the errors on the measured quantities are Gaussian dis-
tributed the 
2
from the constrained ts can be translated into a probability for the given




event. Ideally this probability should




event are satised. As can be seen from gure 6.11 the background events are clearly con-
centrated at low probabilities while the signal events are more evenly distributed. This





HE.7 The probability returned by the constrained t 6C' is required to be larger than
0.05.




events are discarded, however, from gure 6.11




events, far more than 5% , are lost.
The reason for this is that these events have non-Gaussian errors and therefore lie in the
non-Gaussian tails of the distributions, resulting in a peak at low probability. Possible
eects that can lead to non-Gaussian errors are hard gluon radiation, nite width, jet
correlation, ISR and detector acceptance. The solution to the most apparent problems of
gluon radiation and jet reconstruction seems to require extensive modications of the con-
strained t and probably the best procedure would consist in a merging of the constrained
t and the jet algorithm.





The application of the constrained t to semi-leptonic events is very similar to the hadronic
implementation. The deviations reect the dierent particle content in the two types of
events and modify the choice of parameters and the eects of the constraints.
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Figure 6.9: The distribution of the parameter a is shown for the cases when no constrained





sample is identical in all the cases so that the dierence in the number of events accepted
by the dierent constrained ts is not included.
The denition of parameters for the reconstructed jets of the hadronic part of the
semi-leptonic event is identical to that of jets in the four-jet case. Since the measured
lepton is a single particle not aected by the complications important for the jets, we















j; ; ); (6.34)
and use the errors returned from the detector reconstruction of the lepton to specify the
resolution. Obviously, the parametrisation of the undetected neutrino is irrelevant.
Due to the unmeasured neutrino the number of constraints in the semi-leptonic case
is reduced by three and the ts applied to the hadronic event now takes the form:
1. a t with the usual 4 energy-momentum constraints and m

= 0 (1C),
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Figure 6.10: The dierence between the reconstructed W production angle and the true
production angle is shown for the cases when no constrained t is applied and for ts with




hadronic sample is identical in all the
cases so that the dierence in the number of events accepted by the dierent constrained
ts is not included.
2. as 1) with the additional constraint that the mass of the leptonic system is equal to
the mass of the hadronic system (2C),
3. as 1) but a Breit-Wigner term is included in the 
2
for each of the two reconstructed
masses in combination with an appropriate phasespace factor describing the W pair
production (3C').
The lower number of constraints in the semi-leptonic case, arising from the fact that we use
momentum conservation to dene the neutrino, reduces the performance of the constrained
ts compared to the hadronic channel. This can be seen by comparing the improvement in
resolution of the reconstructed W production angle when applying a constrained t, shown




events. On the other
hand, the initial resolution for the semi-leptonic channel is considerable better than for
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Figure 6.11: The distribution of the probability returned from the 6C' (3C') constrained




events and background. The histograms are
normalised to an integrated luminosity of L = 100 pb
 1
. The employed cuts are indicated
by the vertical line.
Figure 6.12: The dierence between the reconstructed W production angle and the true
production angle is shown for the cases when no constrained t is applied and when the
3C' t is used.
the hadronic events. The reason for this is that we have no ambiguities in the assignment
of the jets to the single W in contrast to the hadronic decay channel and furthermore
the possible correlations between jets from dierent W's due to the jet reconstruction are
absent.





SE.11 The probability returned by the constrained t 3C' is required to be larger than
0.001.
The distribution of the probability for the background and the signal events can be found
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in gure 6.11. Again the lower number of constraints reduces the eects of the 
2
cut on
the background, however, the background in the sample was already extremely low before
the application of the t.
6.6 Summary of Event Selection
In this section the eect of the various event selection criteria on the dierent data-samples
are presented. The data used in this analysis was taken during the June to August running




at an centre of mass energy of 161 GeV. In table 6.2 and table 6.3 the number of events
passing the dierent cuts are shown for the semi-leptonic and hadronic event selection,
respectively.
From the last row in the tables 6.2 and 6.3 it is clear that the number of events found in
data, 6 semi-leptonic (2 eqq and 4 qq) and 13 hadronic, are consistent with the expected
number of events, although the number of semi-leptonic and hadronic events in the data
are slightly lower. As can be seen from the tables 6.2 and 6.3 the imposed cuts reduce the
signal considerably, but this is necessary in order to maintain a low background, which
otherwise would distort the multi-dimensional angular distributions. For the measured





the data. For the semi-leptonic selection a clear dierence between the electrons and the
muons is seen after the cut on the probability from the constrained t. The explanation
for this eect is that the energy distribution of the electrons is wider than for the muons
due to FSR. Consequently the reconstructed masses of the leptonically decaying W is
more aected by the implicit cut in masses, via the probability cut, for the electrons.
From table 6.3 it appears that the background contamination for the hadronic channel
is rather high, around 32% , mainly from qq events. In order to monitor the eect of
the background on the determination of the TGCs, an alternative data-sample has been




). The resulting selection eciencies
are listed in table 6.4. The background contamination in this sample is expected to be
around 17% , but on the other hand the more strict cuts might introduce biases.





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Events 4495 60000 7000
 (pb) 1.63 147.5 3.562
L (pb
 1
) 2763 406.8 1965.2 11.109
HE.4 4083 10909 1530 340




) 3546 2064 631 83
JH.1 (E
jet
) 2738 350 157 25
Y
34
> 0:02 2680 249 111 21
Prob(
2
) > 0:2 1872  43 49  7 32  6 10
Events @ 11.11 pb
 1
7.53  0.17 1.34  0.19 0.18  0.03 10









) has been tightend to reduce the background.
In the last row the events from the dierent background samples has been normalised to the
measured integrated luminosity for the June to August running period. Only background




In the previous chapter 1992 events was preselected by requiring the satisfaction of stan-
dard ALEPH class 16 pre-selection criteria. Depending on the event type to be selected,




, the events were further restricted to reduce background
and passed through a reconstruction algorithm to ensure well-balanced and well measured
events.
In the present chapter the various steps and considerations regarding the determina-
tion of the triple gauge-boson couplings are described. Recalling chapter 4 the general
idea behind the analysis is to extract the TGCs by tting the ve-dimensional angular
distributions of the measured events using the theoretical dierential cross section for W
pair production incorporating eects from ISR, Coulomb correction and nite width. The
calculations of the theoretical cross section assumes massless quarks and leptons, which
clearly is not valid for the experimentally determined jets, electrons and muons. The pro-





is outlined in section 7.1.1. In addition the generalised maximum likelihood t employed
in the analysis include information from the number of observed events, and thus requires




cross section described in section 7.1.2.
The details of the subsequent likelihood t are discussed in section 7.1.3.
Finally, the results found at this stage of the analysis are presented in section 7.2 for
the selected data and dierent Monte Carlo levels.
7.1 Experimental Determination of the TGCs
The central point of the analysis is the construction of the probability density to be used
in the likelihood estimation as function of the TGCs to be determined and the measured
kinematic congurations. This is done by normalising the dierential cross section cal-
culated from the experimentally determined objects as function of the TGCs with the
total theoretical cross section. It is therefore of vital importance that the measured and
theoretical cross sections are compared on equal terms.
7.1.1 Rescaling
As already mentioned in section 6.4 the reconstruction of jets resulted in the generation of
articial masses due to the combination of particles into jets, in general reecting that the
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process of fragmentation does not conserve energy and momentum. The theoretical calcu-




pair production relies on the assumption
of strictly massless fermions, in order to ease the calculation by using spinorial techniques.
Consequently, the measured massive leptons and, in particular, jets cannot be used directly
in the t. The application of a constrained t as outlined in section 6.5 reduces the eects
of massive jets by assuming that the reconstructed energies scales with the momentum,
as though the jets were massless. However, the eects of masses are not removed. It is
therefore imperative to translate the massive objects into massless conguration without




pair production matrix element. So,




events? Recalling the calculation of the on-shell
dierential cross section in section 2.4.1 and the subsequent discussion of the extension to










 the W production angles, cos# and ',









in total 8 free parameters as required by energy and momentum conservation. This choice






In the light of these considerations the natural choice of rescaling of a measured kine-
matic conguration is to
1. boost the W decay products from the two W's into their centre of mass system,
2. in each system, the momenta of the two decay products are rescaled to yield massless
four-vectors while preserving energy and momentum conservation, and
3. nally, the decay products are boosted back to the laboratory frame.
This assures that angular distributions are unaected as well as the masses of the recon-
structed W's. An alternative choice of a simple global rescaling of the event, as mentioned
in section 6.5, would introduce un-natural kinematic correlations between the two W's.





The main idea behind the use of the generalised maximum likelihood method as compared
to the standard maximum likelihood method is that the extra information contained in
the number of observed events provide further constrains on the TGCs.
In contrast to the full four fermion process, where each type of nal state requires




diagrams means that all processes have the same set of contributing diagrams and their
cross section only depend on the appropriate branching ratios of the W's. In the general
case including possible background events the Poisson term of the generalised maximum
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`qq qqqq qqqq (tighter cuts)




0.33  0.08 4.36  0.33 1.61  0.19
Table 7.1: Acceptances and the number of observed background events for the semi-





where i runs over the dierent nal states, N
obs
i
signify the number of observed events
and A
i




channel. The total integrated luminosity
is denoted L and the corresponding number of background events predicted by a Monte
Carlo study, is signied by B
i
.




channels exploited in the analysis, can
be found from the event selection summarised in table 6.2 and table 6.3 in the previous
chapter. Finally, we only need to estimate the observed number of background events for
the dierent channels. Assuming that the background events are adequately described
by the Monte Carlo samples used, the expected number of events for a given background

















is the number of background events passing all selection criteria, N
tot;mc
back
denote the total number of background events in the Monte Carlo sample and 
back
is the
total cross section for the process. Adding the background contributions from the various
processes listed in table 6.2 and table 6.3 the number of expected background events can be
estimated. In table 7.1 the resulting number of background events and signal acceptances





7.1.3 Generalised Maximum Likelihood Fit




events and converted the kine-
matical information in these events into a set of massless spinors suitable for the calculation
of the dierential cross section. Finally, we have determined the number of detected back-




decay channels relevant for this study.
Thus, we have all the information needed for the generalised maximum likelihood t. The
next step is to convert the kinematical information into a probability density for use in
the likelihood estimation.
For each of the measured events the kinematical information can be used to calculate
the dierential cross section as function of the TGCs. Since this analysis is performed
without tagging of any kind there is no information about the originating quark of any
jet. Consequently, the dierential cross sections must be folded over the unknown quark
avours. The resulting dierential cross sections for the hadronic and semi-leptonic events
























and is proportional to the probability for, without any knowledge of quark avours, an
event to have a given kinematical conguration as function of the TGCs. It should be
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noted that for the hadronic events the sum is over all 24 combinations. In principle the
matching of a pair of quarks to a W as done by the kinematic t in section 6.5 provide
information which could be used to reduce the number of possible congurations in the
summation to the 8 dierent topologies listed in table 2.7 in section 2.4.1. However, in
the general o-shell calculation the information about the masses is already included via
the propagators in the matrix element, thus providing a natural selection by suppressing
congurations with a pair of masses not originating from a pair of W's. In addition the
chosen pairing, depending on the masses, does not always represent the correct matching,
as noted in section 6.5, and in such a situation an explicit choice may introduce a bias.
The rescaling procedure outlined above is of cause applied to each individual kinematical
conguration.
In order to extract the values of any TGC by a generalised maximum likelihood t,
the folded dierential cross section in equation 7.3 is converted into a probability density














where i denoted a specic decay channel. Assuming that the detector acceptance is con-
stant for all events, we can now construct the generalised maximum likelihood estimator or,































where terms independent of the TGCs has been dropped. The index j runs over the semi-




kinematical conguration of an event. A factor of 2 has been introduced to have the same
error denition as for the usual 
2
t.
Minimising the function in equation 7.5 by using the CERN Library program package
MINUIT [42] for any set of TGCs yield an estimate of the TGCs and the uncertainties,
including the correlations between the tted TGCs. This allows a determination of all the
CP -conserving TGCs which have been implemented in the matrix element of Excalibur
used here. An example of the generalised log-likelihood function is shown in gure 7.1 for
a t to the one of the \blind" directional TGCs, 
W
.
One major drawback of the likelihood method is that it does not provide a goodness-
of-t criterion as is the case for the 
2
t. Furthermore, since the full impact of the TGCs
is only visible in a multi-dimensional distribution, one-dimensional projections cannot
provide a denitive conrmation on how well the t describes the data.
One possible way to measure the quality of the t is to construct a series of articial
experiments (Monte Carlo samples) with the same statistical signicance as the data
sample and monitor the absolute value of the likelihood functions. The deviation of the
minimum value from the t to data compared to the average minimum from all the Monte
Carlo sample then represents a traditional 
2
. The general problem with this approach
is that it relies on Monte Carlo samples with considerable higher statistics than in the
data sample. However, in this analysis the selected data samples are of considerable lower
statistics than the available Monte Carlo samples and the method is therefore applicable.
In the case of high statistics data samples, expected in the later phases of LEP2,
another way to monitor the performance of the t is to check if the distribution of likelihood
7.1. EXPERIMENTAL DETERMINATION OF THE TGCS 111
Figure 7.1: The log-likelihood functions from the ts for 
W
to the three data samples.
In the top row, the left plot is for the semi-leptonic data sample and the right plot is for
the hadronic data sample. The bottom plot is for the hadronic data sample where tighter
selection cuts have been applied. The 95% condence limits are indicated on the gures.
values from data at the minimum point coincide with the distribution of a Monte Carlo
generated at the tted values of the TGCs. This check can be done straightforward by
constructing a cumulative probability from the Monte Carlo distribution. Probability
calculus then implies that if the data is distributed identical to the Monte Carlo, the
cumulative probability density from Monte Carlo applied to the data is at between zero
and unity. In contrast to the previous method this approach requires reasonable statistics
in the data sample to be able to quantify the atness of the distributions.
In gure 7.2 plots of the distributions of the absolute log-likelihood values for a set
of articial experiments are shown for the semi-leptonic, hadronic and hadronic (tighter
cuts) channels, respectively. The values of the corresponding data samples are also indi-
cated. For the semi-leptonic and hadronic (tighter cuts) event samples the agreement is
satisfactory, and they are fully consistent with the standard model on the 95% condence
112
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level. For the hadronic channel with a looser selection the distribution of the log-likelihood
values from a series of articial experiments is clearly not Gaussian and the interpretation
of a 
2
is therefore not valid. Evidently, some eects are present in the event samples
for this selection which give rise to non-Gaussian distributions. Since the introduction
of tighter cuts on the jet separation and the event reconstruction probability from the
constrained t removes this non-Gaussian behaviour the origin of these eects is due to
the jet reconstruction.
Normalisation
It is of crucial importance for the use of the likelihood estimation that the dierential
cross sections are properly normalised. Obviously, any multiplicative factors independent
of the TGCs are unimportant in the normalisation, but the functional behaviour of the
TGCs must be correct.
As already pointed out in chapter 4 the helicity amplitudes for W pair production and
for the general four fermion process are linear in the TGCs and consequently the matrix
elements can be written as quadratic functions of the TGCs. This also allows us to express
the total cross section as














where the element 
1;1
in the symmetric matrix 
i;j
is the standard model cross section.
For any given set of TGCs this matrix can be determined by a Monte Carlo integration
of the dierential cross section for various values of the TGCs.
In the integration process it is, however, important to use the same set of phasespace
points to ensure that one is mapping the functional behaviour and is not aected by Monte
Carlo uctuations arising from dierent phasespace samplings. This, on the other hand,
requires the assumption that the whole phasespace is suitable sampled in the integration,
and implies that the resulting coecients are highly correlated and one therefore has no
estimate of their error from the Monte Carlo integration. To get a rst level estimate of
the possible error one can instead perform the same Monte Carlo integration but using a
dierent set of phasespace points and compare the two set of coecients. As we are only
interested to monitor the error on the functional dependency of the TGCs the coecients
should not be compared in absolute value but only in their relative value compared to the
standard model value. Using Excalibur, the matrix element for W pair production has
been integrated as function of the 5 C and P conserving TGCs
1
including ISR, nite width
and Coulomb correction. With 400000 phasespace point in the integration, the resulting
























0:004(4  5) 0:037(4  4)
 0:009(7  1) 0:001(9  1) 0:016(0  2)
0:002(1  3) 0:020(7  2) 0:001 0:012(5  1)
 0:004(1  2) 0:0010 0:0051 0:0003 0:014(3  2)










This requires a Monte Carlo integration for 21 dierent suitable chosen combinations of the TGCs.
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Figure 7.2: The distribution of the values of the log-likelihood function for a set of articial
experiments is shown for the three event selections, semi-leptonic, hadronic and hadronic
(tighter cuts), respectively. The value of the log-likelihood of the corresponding data
samples is indicated with an arrow.
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has been determined for M
W
= 80:25 GeV and
p
s = 161 GeV. The errors in the determi-
nation of the elements have been indicated; if no error is given it means that the observed
uctuation was smaller than the precision listed here. In the case of W pair production




nal state which only
dier by an appropriate branching ratio, but when considering four fermion process each
process has to be integrated individually. Finally, as the integration of the four fermion
process require the application of cuts due to photon conversion or possible t-channel di-
agrams, care should be taken to assure correspondence between the integration and the
four fermion Monte Carlo samples used to determine the acceptance.
7.2 Results
In this section the results obtained so far are summarised. In table 7.2 the 95% condence







, which are least bound by the LEP1 observations. In
addition the corresponding limits are listed for ts to Monte Carlo samples to illustrate
the behaviour of the ts when going from parton level to detector level. Also shown are ts
to a Monte Carlo sample with the same background contamination as expected in the data.
Finally, the 95% condence limits are presented for ts only using the observed number of
events, i.e. without kinematical information. The ts to the Monte Carlo sample has been
made for 2000 events at parton level and 2000 events (or total number of accepted events
| if smaller than 2000) for the ts at parton level after selection and detector level.
We see that for all ts to data the standard model is well within the 95% condence
limits and no deviation from the standard model is observed.
From the values in table 7.2 several observations emerge. First of all, the condence
intervals derived from the normalisation term alone is very symmetric for the semi-leptonic
and hadronic cases, but not for the hadronic event selection where tighter cuts have been
applied. The explanation for this is that the number of observed events in the semi-leptonic
and hadronic cases are lower than the minimum expected number of events obtainable by
varying the TGCs, since the total cross section for all three TGCs has the quadratic
dependency with increasing cross section as the TGCs move away from the value with
minimum cross section. This is also the reason why the central value for the t to 
W
is
the same for the semi-leptonic and hadronic ts, because the total cross section as function
of 
W
is highly symmetric around the standard model value. In contrast the number of
hadronic events selected with the tighter cuts is slightly higher than expected from at
the given luminosity, and in this case the quadratic nature of the total cross section as
function of the TGCs gives rise to a two-minima structure symmetric around the standard
model, and the resulting condence levels is therefore asymmetric around the minimum
value which is in one of these two minima.
Secondly, a comparison of the results for ts to various Monte Carlo levels for the dif-
ferent channels shows that the correspondence between the parton level after selection and
detector level is quite good and therefore the reconstruction is expected only to introduce
minor biases on the TGCs. On the other hand the shifts, for particular 
B
, seen for
the parton level before and after selection indicates that the event selection may bias the
kinematical information import for this TGC.
Thirdly, the condence intervals found at parton level after selection is smaller than
the condence intervals for the full parton level sample, showing that the event selection



































































































































Hadronic channel (tighter cuts)

































































, which are the three TGCs least bound be LEP1 data. The ts have been performed
at various levels for Monte Carlo and for the data ts have been made using only the
kinematical information, only normalisation and when both the kinematical information
and normalisation are used, respectively. For the two hadronic event selections the ts
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with the statistics of the Monte Carlo sample used here the eect of this bias is not clearly
visible in the central values of the ts, with exception of the t for B in the semi-leptonic
channel.
Finally, a comparison of the ts for the two dierent hadronic event selections, reveal
a substantial shift away from the standard model in the case where the looser selection
criteria has been applied. The corresponding log-likelihood function, shown in gure 7.1
for 
W
, has a two minima structure roughly symmetric around the standard model value.
As can be seen from table 7.2 the origin of this two minima structure is the kinematic
information used in the t. One could expect this due to the higher background in the
resulting data sample. However, as can be seen from the ts to a Monte Carlo sample,





sample in the correct proportions, no such shifts are observed.
Chapter 8
Systematic Eects
Experimental measurements are usually inuenced by two types of errors, statistical and
systematic. The former arises from uctuations in nite data samples and from limited
resolution of the instruments in such a way that the average of a large number of repeated
measurements should tend to the correct value. On the other hand systematic errors are
due to incorrectly calibrated instruments, background contamination, inadequate theories,
and the analysis method. Such model dependent errors contain no randomness and can
not be decreased by increasing sample size, and are assessed in a much more subjective
manner.
This chapter contains a detailed and quantitative discussion of the systematic errors
which has to be taken into consideration for this type of analysis. It should be stressed,
however, that the very low statistics of the selected data samples introduces a signi-
cant statistical uncertainty in the estimation of the systematic errors. Nevertheless, the
considerations presented in this chapter are necessary in a complete study of the TGCs.
In this analysis the assessment of systematic errors consists of two parts. One part is




events and the subsequent t
using the kinematical information. The other part is related to the determination of the




events in the data, relevant for the Poisson term in the generalised
likelihood function, and is, to a large extent, similar to the studies estimating the cross
section at threshold.
8.1 Systematics of the Kinematic Information
Various sources of systematic errors have been studied and described in this section. The
purpose of these studies is to estimate the uncertainty in the limits on the TGCs. Here







Clearly, all these aspects of the analysis are close related and this is reected in the
discussion. In the following the systematic errors of the limits on the TGCs is estimated
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by studying the shifts induced on the central value of the condence intervals when using
dierent event selection criteria, jet reconstruction and so forth. This assures that the
variation of the limits due to uctuations in the number of events is not included in the
systematic errors.
8.1.1 Event Selection





events based on our assumptions on the signatures of the signal and
the background events, respectively. A specic set of selection criteria thus may induce
systematic biases on the resulting measurement if they inuence crucially the quantities
relevant for the measurement. The systematic eects from the selection criteria employed
by this analysis on the kinematical information in the hadronic and semi-leptonic event
selections have been estimated by tightening and loosening the cuts by 5% (a somewhat







can be found in table 8.1 and table 8.2. In the case of the semi-leptonic selection a
tightening of the cuts did not change the resulting data sample.
In the ts presented in table 8.1 the constraint from the total number of events, was
kept unchanged at the original value, regardless of the actual number of events passing the
modied cuts, since the systematic error on the corresponding Poisson term arises from the
determination of the acceptance and the background estimation for a given set of cuts and
not from the actual values of the cuts. In this way the variations in table 8.1 and table 8.2
reect the biases due to the way the selection restricts the kinematical information.
8.1.2 Kinematical Reconstruction
The purpose of jet reconstruction and the subsequent kinematical tting is to translate
the measured jets into the supposed underlying electroweak nal state consisting of quarks
and/or leptons. As discussed in section 6.4.2 and 7.1.1 this is intimately connected to
fragmentation and the generation of masses. The actual choice of jet algorithm, kinematic
tting and subsequent rescaling to massless kinematic congurations is therefore crucial
to the analysis.
To estimate the possible biases arising from the choice of the LUCLUS jet algorithm
and the subsequent rescaling, various jet routines, described in section 6.4.2, are applied
and the observed shifts can be found in table 8.1 and table 8.2. Furthermore, the implica-
tion of the rescaling to massless kinematic conguration has been monitored by applying
the \E0" combination scheme in the jet reconstruction, which, by construction, yields
massless jet, removing the necessity of rescaling. In order to examine the bias from the
reconstruction independent of statistical uctuations, the variation of the jet algorithms
and combination scheme is done only for the selected events.
In table 8.1 and table 8.2 we see a clear distinction between the transverse momentum
based jet algorithms (LUCL, PTCL and DURH) and the invariant mass like jet algorithms
(JADE, YCLU and GENE). The origin of this dierence is the initial starting point of the
jet algorithms, where the transverse momentum algorithms start out by clustering around
energetic particles, while the invariant mass like algorithms typically start with the low
energetic particles. This conceptual dierence in the jet algorithms should not be included
in the systematic error and we therefore exclude the invariant mass based jet algorithms
from the estimation of the systematic errors.












































































































































































































. The ts have been performed for dierent event selection criteria, jet-algorithms,
recombination schemes and dierent values of M
W
.







Selection Hadronic channel (tighter cuts)









































































































for the tighter hadronic event selection. The ts have been performed for dierent
event selection criteria, jet-algorithms, recombination schemes and dierent value of M
W
.
In principle one should also study the variation of the parameters used in the con-
strained kinematic t. However, the parameters found from dierent jet algorithms have
the same general behaviour as function of the jet-energies and angles, and yield only minor
numerically dierent parameters and therefore this dependency is already included by the
variations of the jet algorithms.
8.1.3 Dependency on M
W
The W mass enters at several key points in the analysis and is strongly connected to the
kinematic reconstruction of the events via the Breit-Wigners in the constrained t and in
the subsequent rescaling of the massive jets.
Likewise is the total cross section, that is, the normalisation of the probability densities,
strongly dependent on the W mass. However, for the likelihood terms originating from
the kinematical information the absolute value is irrelevant and only the possible change
of the functional behaviour of the TGCs is important. The dependency of the TGCs is
manifested in the dierential distributions which are less dependent on changes of the
mass (apart from the naive kinematical implications).
The possible impact on the measured TGCs from the assumption of a specic value
of M
W
in the reconstruction and the subsequent t to the kinematical information can
be investigated by using Monte Carlo samples generated at dierent values of the W
mass. Unfortunately such Monte Carlo samples have not been available for this analysis
and we therefore study the systematic eects from the assumption of M
W
= 80:25 GeV
in the reconstruction and t to the kinematical information, by redoing the kinematical




reconstruction, rescaling and the subsequent t likelihood t for values of M
W
of 80.09
GeV and 80.41 GeV corresponding to the values in equation 1.1. In the likelihood t only
the part arising from the kinematical information was modied. The resulting shifts in
the condence intervals can be found in table 8.1 and table 8.2.
It should be noted that, since the probability from the constrained t is used as a selec-
tion criterion, the variation of the W mass is also part of the event selection systematics.
8.1.4 Background contamination
The eect of background contamination is closely related to the event selection criteria
used in the data selection as they \determine" the form of the background. Consequently
the variation of the dierent cuts, already made to estimate the selection systematics, will
result in data-samples with dierent levels of background contamination. Therefore any
bias from possible background contamination in the kinematical information is already
included in table 8.1 and table 8.2.
8.2 Systematic Errors from N
obs
WW
Recalling chapter 4, the generalised maximum likelihood method is an extension of the
standard maximum likelihood technique, where the additional information from the num-
ber of observed events is included in the t by assuming that the observed number is
Poisson distributed around the predicted number of events. In this section the possible








The predicted number of events depend on the theoretical cross section, , the inte-




events by the detector and analysis.
For the running period June-August 1996 the integrated luminosity recorded by ALEPH
has been measured to [61]
L = 11:109 pb
 1
 1%: (8.1)
This implies a 1% error on the predicted number of events and changes the condence
intervals for the TGCs.




events inuence the condence levels in the same way as an error on the integrated lumi-





samples and consequently introduce a model dependency. To determine the systematic
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events generated with Pythia,
A
semi
= 68:58  1:02% (Semi-leptonic)
A
had




= 41:94  0:87% (Hadronic | tighter cuts);
(8.2)




sample in chapter 7. The
eects originating from the errors on acceptance and luminosity on the resulting condence
intervals can be found in table 8.3.




events was determined via a
subtraction of the estimated number of background events. This procedure introduces
a dependency on the simulation of the background. Since the hadronic decay of the
Z
0




channels we assess the systematic
error due to the estimated number of background events by using 60000 qq events generated
by Herwig to estimate the background in the data. The expected number of background
events at 161 GeV with 11.109 pb
 1
was found to be
N
back
= 0:30  0:07 (Semi-leptonic)
N
back




= 2:03  0:22 (Hadronic | tighter cuts);
(8.3)
which is higher than the background predicted by Pythia. Using the estimate of the
background obtained from Herwig the resulting condence intervals are shown in table 8.3.
Finally, since the total cross section for W pair production depends strongly on the
W mass in the threshold region, the Poisson term in the generalised maximum likelihood
method introduce a dependency on M
W
. The possible systematic bias on the measured
TGCs from the assumption of a given W mass has been estimated by varying the W mass
with 1 s.d. around the world average value and the resulting condence intervals are shown
in table 8.3.
8.3 Final Systematic Error
The combination of the systematic errors is done dierently for the errors from the t to
the kinematical information than for the errors related to the information from the total
number of observed events.
In order to examine the bias in kinematical information from the event selection in-
dependently of statistical uctuations due to the dierent number of events, the biases
from event selection is combined by assuming the same size of the condence interval
but shifting the central values. The nal condence interval is then taken as the interval
which includes the largest possible condence limit and the lowest possible condence limit
containing these uctuations.
The condence interval including the systematic biases from the variation of the jet
algorithms and the Poisson term is taken as the union of the dierent intervals.




























































































































































































, where the dierent sources of biases important for the constraint to the total number
of observed events have been varied.
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when tighter cuts have been applied in the selection of hadronic events.
Chapter 9
Conclusion
With the start of LEP2 at energies above the threshold for W pair production it was
possible for the rst time ever to study the fundamental non-Abelian gauge structure of





In the general case the triple gauge-boson sector can be parametrised in an eective
operator expansion and a set of 14 triple gauge-boson couplings are introduced to describe
the strength of the dierent operator in the expansion. In this report we have investigated
the precision to be expected on the triple gauge-boson couplings at 161 GeV using a gen-
eralised maximum likelihood method, which in addition to the usual maximum likelihood
method includes information on the total number of events in the data sample.
The method is based on a comparison of the dierential W pair production cross section
with the theoretical prediction taking into account the full multidimensional kinematical




events. The dierential cross section of W pair production
calculated in the leading order can be expressed as a quadratic function of the triple
gauge-boson couplings where the coecients depend only on phasespace. Fitting the





events allows a determination of the triple gauge-boson couplings. In this
study we employ a dierential cross section for pair production in the o-shell description
including the eects from ISR, coulomb singularity and QCD corrections. At present this





The potential sensitivity to the triple gauge-boson couplings depend strongly on the
boost of the W's in their centre of mass system and thereby on the available energy, and
increases as the energy goes up. At threshold energies an additional factor due to the
low boost of the W's suppresses terms arising from the triple gauge-boson couplings, and
studies with narrow width approximation at 161 GeV indicated that the very low boost
of the W's would lead to an extremely low sensitivity to the triple gauge-boson couplings
at energies close to threshold. However, at threshold nite width eects play a crucial
role and the dominant eect of these is to lower the average mass of the W's resulting
in slightly larger average boosts, which in turn yields a higher sensitivity to the triple
gauge-boson couplings than initially expected.




events possesses several problems due to
the complicated nature of jets and, for the semi-leptonic events, the undetected neutrino.
To compensate for these eects and translate the measured jets into the supposed under-
lying quarks, a complicated kinematic tting technique has been applied in the analysis.
The method performs a t to the measured energies and directions of the measured jets
and leptons, subject to the usual constraints from energy and momentum conservation,
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thereby improving the resolution. In addition the full information on two-body decays into
a set of heavy bosons described by Breit-Wigners has been included, and apart from the
further improvement in resolution, this allow a pairing of the four jets from the two W's in




events. At higher centre of mass energies, where initial state
radiation becomes important, this method is straightforward to extent to include initial
state radiation.
The technique of constrained t improves the resolution on the kinematical information
relevant for the triple gauge-boson couplings, and in principle the use of Breit-Wigner in
the reconstruction can also be used in a direct determination of the W mass from the
kinematical reconstruction of the event, but this is an entirely dierent issue.
In the present analysis 1992 events was preselected from the data taken with the
ALEPH detector during the run from June to August in 1996. They were passed through
a comprehensive event selection and subsequent reconstruction, resulting in 6 semi-leptonic
and 13 (10) hadronic (tighter cuts) events. This is fully consistent with the standard model
where we, for this selection, expect about 8 semi-leptonic and roughly 14 (9) hadronic
events. Fitting for the three triple gauge-boson couplings least bound by the bulk of




















for a tight selection of hadronic events. These bounds should be compared with the present
limits from hadron collider of O(1:0). Hence a determination of the triple gauge-boson
couplings at 161 GeV improve the present constraints on particular 
W
, where in fact
a determination of the condence limits from the total cross section alone is competitive.
For comparison the expected deviations in the triple gauge-boson couplings from new
physics range from O(0:1) to O(0:001) depending on the nature of the new physics, but
from the above measurements no indications of physics beyond the standard model has
been observed.
The method employed in this analysis for extracting the triple gauge-boson couplings
has proven to be very sensitive. However, several possible extensions/improvements of the
method are immediate. One could extend the method to include all four fermion processes
by a suitable replacement of the matrix-elements and possibly even include the background
processes. Furthermore, the method becomes much more powerful if combined with jet-
charge techniques and/or quark-avour recognition. Finally, the technique of constrained




event could be rened such that we t the particle distributions actually
observed in the detector and not a set of two or four crude jets which are assumed to be
Gaussian distributed with respect to their original quark.
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can be determined by six angles and two masses.





j, it is sucient to determine
their three momenta. In the situation where we have no ISR we have enough constraints
to solve for the neutrino momenta in the laboratory frame (which is the centre of mass
system when ISR is absent). The rst type of constraint: The production energy of the
W
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Inserting equation A.5 into equation A.4 and by using equation A.3 one obtains an equation


















































































































The restriction: Now, if the three momenta of l and











constitute a basis in the momenta space. Therefore an expansion of the anti-


















, respectively, one obtains, by






































































































































































By squaring equation A.10 and using equation A.3 one obtains an equation which is













































This means that the sign of c cannot be determined and we have a twofold discrete am-
biguity. As c is the projection of the anti-neutrino momenta perpendicular to the plane
containing the vectors of lepton momenta it is seen that having one solution the other
solution is found by reecting the momenta of the anti-neutrino in that plane.
Having determined the momenta of the anti-neutrino the momenta of the neutrino is
found by using equation A.5.
Appendix B
Monte Carlo Samples
High energy physics analysis consists of many consecutive step, each introducing dierent
possibilities to perform the analysis. To optimise the dierent choices made throughout
the analysis and study the impact from these choices we rely on the intensive use of Monte
Carlo simulated events.











sample of 10000 events generated with the eventgenerator KORALW is used. This
sample constitutes the main Monte Carlo sample in the analysis. In many aspects
the KORALW eventgenerator is very similar to the Excalibur eventgenerator, with





nal states, but taking into account all the diagrams. This




















are determined in the so-called G

scheme;
- Both the W and Z
0
have running widths;




- No cuts have been applied in the generation.




events were generated at
p
s = 161 GeV
and passed through the ALEPH detector simulation program (\GALEPH") and




cross section for this
sample is 
WW
= 3:6171  0:0096 pb and the sample corresponds to an integrated












sample generated by the






events generated with M
W
= 80:25 GeV at 161 GeV. The correspond-
ing total cross section was reported by PYTHIA to be 
WW
= 3:341 pb. This cross
section is slightly lower than the cross section given by KORALW (and Excalibur).
The reason for this is that the coulomb correction, which amounts to a 6% increase
at 161 GeV, was not included in the event generation. Nevertheless the Monte Carlo
sample can be used to monitor the event selection eciencies, since the eect of the
coulomb singularity on the dierential distributions of the W's is extremely small.
 PYTHIA qq background Monte Carlo:







decays. To investigate the eects from the background on the
analysis a Monte Carlo sample consisting of 60000 qq has been used in the analysis.
This sample has been generated with PYTHIA at a centre of mass energy of 161
GeV, at which the total cross section was reported to be 147.5 pb. This is slightly
lower than the complete cross section of about 153 pb, due to a cut on the minimum








Another background to W pair production stem from Z
0
pair production, which in




events. The background from
Z
0
pair production, via the Abelian conversion diagram, is monitored by a Monte
Carlo sample of 7000 events generated with PYTHIA for M
Z
= 91:182 GeV at 161
GeV. The cross section for the Z
0
pair production event generation at 161 GeV was
found to be 3.562 pb, where a cut on the minimum mass of either Z
0
's of 0.2 GeV
was introduced.
 KORALZ   background Monte Carlo:
To control the background from occasional high-multiplicity di-tau events, a dedi-
cated Monte Carlo sample consisting of 10000   generated with KORALZ has been
employed in the analysis. The sample was generated at a centre of mass energy of
161 GeV where the cross section for   production is 12:10  0:11 pb. The sample
corresponds to an integrated luminosity of 830 pb
 1
.
 PYTHIA     background Monte Carlo:
Hadronic two-photon events are characterised by low mass hadronic systems with





events. However, the cross section for   production is very high and any
possible background from such events must be well controlled. Therefore a Monte
Carlo sample with 400000    events has been studied in the analysis. At a centre
of mass energy of 161 GeV the cross section for     reported by PYTHIA in
the generation was 11000 pb, where the minimum invariant mass of the di-fermion
system was required to be larger than 3.5 GeV.
 HERWIG qq background Monte Carlo:
To study the systematic eects of the background subtraction based on the PYTHIA
qq Monte Carlo sample a Monte Carlo sample consisting of 60000 qq generated with
Herwig 5.8d has been used in the analysis. This sample has been generated at a
centre of mass energy of 161 GeV, at which the total cross section was reported to
be 147 pb.
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